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ABSTRACT 
 In neurons, L-type voltage-gated Ca2+ channels (LTCC) couple electrical activity 
to gene expression that is necessary for long lasting changes in synaptic strength. A-kinase 
anchoring protein (AKAP) 79/150 targets cAMP-dependent protein kinase A (PKA) and 
the Ca2+-dependent phosphatase calcineurin (CaN) to the LTCC, conferring bidirectional 
regulation of phosphorylation upon the channel. Additionally, AKAP anchoring of CaN to 
the LTCC is required for signaling to the transcription factor, nuclear factor of activated T-
cells (NFAT). However, the mechanisms by which CaN and PKA work in concert to 
coordinate NFAT signaling within the local environment of the LTCC remain poorly 
understood. In this thesis, I show that AKAP79/150 anchoring of both CaN and PKA is 
required for efficient NFAT signaling. AKAP79/150 and NFAT interact with CaN through 
a conserved (P/I)xIxIT motif. For efficient NFAT signaling to occur, CaN must shuttle 
between the AKAP scaffold and NFAT. Mutations modifying the affinity of CaN for the 
AKAP79/150 anchoring site disrupts NFAT signaling due to a loss of balance between 
CaN recruitment to the LTCC and its ability to dynamically release to activate NFAT. I 
show here that the affinity of the AKAP79/150 PxIxIT motif is precisely tuned for efficient 
NFAT signaling within hippocampal neurons. Further, though AKAP79/150 targets PKA 




global inhibition of PKA activity, genetic deletion of the PKA anchoring site of 
AKAP79/150 disrupts CaN-NFAT signaling. Loss of PKA from the AKAP79/150-LTCC 
complex results in a reduction of basal LTCC phosphorylation and Ca2+ influx. Reduced 
LTCC activity in the absence of AKAP-anchored PKA impairs depolarization triggered 
NFAT movement to the nucleus and activation of transcription. Finally, I present data 
supporting a role for AKAP79/150 recruitment of NFAT to the LTCC nano-domain in an 
arrangement that may confer specificity upon the LTCC for transcriptional signaling. 
These findings support a model wherein basal activity of AKAP79/150-anchored PKA 
opposes CaN to preserve LTCC phosphorylation, thereby sustaining LTCC activation of 
CaN-NFAT signaling to the neuronal nucleus.  
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 CHAPTER I 
INTRODUCTION 
 
 Despite decades of intense study, the underlying biology of learning and memory 
in the brain remains largely unclear. Considerable effort in the study of learning and 
memory has focused on an anatomically small structure within the limbic system known 
as the hippocampus. The importance of this structure is well described in human subjects 
with focal hippocampal lesions as they have profound deficits in the ability to recall new 
memories (Bartsch et al., 2010; Zola-Morgan and Squire, 1993). Further support for the 
hippocampus as a critical brain structure in cognition is evidenced by hippocampal 
abnormalities in human subjects with developmental and neurodegenerative diseases 
including Down’s syndrome, Alzheimer’s disease, epilepsy, and schizophrenia (Chang and 
Lowenstein, 2003; Harrison, 2004; Hyman et al., 1984; Isacson et al., 2002).  
The hippocampus receives numerous excitatory projections both from the cerebral 
cortex and from within the hippocampus itself. As a nexus of integration, these 
electrochemical signals modify neuronal connections and circuit activity within the 
principal cell subfields of the hippocampus. On the cellular level, integration of synaptic 
information occurs in the dendrites of pyramidal cells, the principal excitatory neurons of 
the hippocampus. The highly branched dendritic arbor of a hippocampal neuron is densely 
arrayed with small biochemically isolated compartments called dendritic spines, each of 
which forms a single glutamatergic synapse with the axon terminal of a presynaptic neuron. 




undergo an activity-dependent increase or decrease in strength after responding to a given 
neurotransmitter release event in a process known as synaptic plasticity (Nimchinsky et al., 
2002). This widespread phenomenon occurs at glutamatergic hippocampal synapses and is 
bi-directional in nature, after which synapses may either respond more strongly to 
neurotransmitter, as in long-term potentiation (LTP), or more weakly, as in long term 
depression (LTD) (Malenka and Bear, 2004). Long-term persistence of LTP and LTD 
requires the concomitant activation of glutamate receptors, intracellular kinases and 
phosphatases, and the transcription and translation of plasticity related gene products. 
Initiation of intracellular signaling pathways that direct transcription of plasticity related 
genes is particularly dependent on L-type voltage-gated Ca2+ channels (LTCC). LTCC 
activity is critical for excitation-transcription coupling to a variety of signaling pathways. 
In particular, we have focused much of our attention on the role of LTCCs in coupling to 
nuclear factor of activated T-cells (NFAT) transcription factor signaling.  However, little 
is known about the spatial and temporal dynamics of LTCC coupling to NFAT, nor is it 
clear how local kinase and phosphatase activity affects LTCC activity within subcellular 
compartments of hippocampal neurons. Herein, I will describe how recruitment of protein 
kinase A (PKA) and the serine-threonine phosphatase calcineurin (CaN) to the LTCC by 
the postsynaptic scaffolding protein AKAP79/150 allows for precise spatial and temporal 







Hippocampal synaptic plasticity as a cellular and molecular basis for learning and 
memory storage  
Synaptic plasticity is now a well-established mechanism that provides a cellular 
and molecular basis for learning and memory in the brain. It was Santiago Ramon y Cajal 
who, in 1984 delivered the prestigious Croonian Lecture, where he proposed that plasticity 
of neuronal connections may be the substrates of memory. This declaration was incredibly 
prescient, however, because it was not until 1973 that neurophysiological experiments in 
the hippocampus of anesthetized rabbits first formally described long lasting synaptic 
plasticity (Bliss and Lomo, 1973). The hippocampus remains a favorite brain region for 
the study of the cellular basis of learning and memory. The organization of the 
hippocampus has lent itself to intense study not by chance but because of the visually 
prominent and experimentally robust tri-synaptic circuitry of the dentate granule cell-CA3-
CA1 path.   In particular, much effort has focused on a class of synapse in the hippocampus 
in which Schaffer collateral (Sch) axons of CA3 pyramidal neurons synapse with the 
dendrites of CA1 pyramidal neurons, the principal output neurons of the hippocampus. The 
Sch-CA1 synapse undergoes two stages of postsynaptic plasticity characterized temporally 
and typically defined by a dependence upon new protein synthesis. Rapid NMDAR-
induced increases or decreases in synaptic strength (LTP or LTD lasting less than 1hr) 
involve local covalent modifications and trafficking of glutamate receptors in dendritic 
spines of CA1 pyramidal neurons (Esteban et al., 2003; Luscher et al., 1999; Mulkey et al., 
1994; Yang et al., 2008). Long-lasting forms of postsynaptic plasticity (e.g. late LTP (L-
LTP)) have been demonstrated to last for hours in vitro and up to a year in vivo (Abraham 




cellular mechanism for learning and memory.  L-LTP is dependent upon covalent 
modifications at active synapses and within the nucleus where phosphorylation regulates 
transcription factor activity, gene expression and protein synthesis. LTCC are critical for 
coupling neuronal activity to induction of gene expression in L-LTP and will be discussed 
in more detail below. 
 
Activity-dependent regulation of hippocampal synaptic plasticity  
Excitatory hippocampal pyramidal neurons undergo activity-dependent changes in 
synaptic strength through the coincident detection of both depolarization and presynaptic 
glutamate release. Glutamatergic synaptic transmission and modulation occurs through a 
broad family of glutamate receptors that are both ionotropic and metabotropic in nature. 
However, though metabotropic and ionotropic kainate glutamate receptors play important 
roles in synaptic plasticity and disease (Gladding et al., 2009; Lerma and Marques, 2013), 
the contribution of the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors 
(AMPAR) and the n-methyl-d-aspartate receptors (NMDAR) to synaptic plasticity are 
more clearly defined and will be focused on here. 
 Fast synaptic transmission in excitatory neurons is initiated when presynaptic axon 
terminals release glutamate into the synaptic cleft. Glutamate released into the synaptic 
cleft diffuses to the postsynaptic membrane and is detected by AMPAR on postsynaptic 
dendritic spines. The majority of AMPARs are found in a paired-pairs configuration 
composed of a heterotetramer of two GluA2 subunits and either two GluA1 or GluA3 
subunits, with the subunit composition conferring distinct biophysical properties to the ion 




subunits, the ion channel pore opens, permitting flow of primarily Na+ ions into the 
postsynaptic neuron causing a net depolarization of the postsynaptic membrane. The 
GluR2 subunit is responsible for controlling the ionic permeability of the AMPAR as seen 
in tetrameric assemblies that lack GluR2, which are permeable to Ca2+. Ca2+-permeable 
AMPARs may have important implications for synaptic plasticity and neuronal injury (Liu 
and Zukin, 2007).  
The mechanism primarily responsible for induction of synaptic plasticity occurs 
through a second class of ionotropic glutamate receptor, the n-methyl-d-aspartate receptor 
(NMDAR). NMDARs differ from AMPAR-type glutamate receptors in many ways 
including subunit composition, agonist binding, ion permeation, and mechanism of 
activation.  Like AMPARs, NMDARs are composed of a paired-pair tetramer consisting 
of two obligatory GluN1 subunits and either two GluN2A or GluN2B subunits. NMDARs 
are unique in the glutamate receptor family due to the requirement for binding of both 
glutamate to GluN2 and glycine or serine to GluN1. The NMDAR plays a critical role in 
the induction of synaptic plasticity because it acts as a molecular device controlling the 
coincidence detection of both glutamate and depolarization. In a resting neuron, Ca2+ 
conductance through the NMDAR is blocked by extracellular Mg2+. NMDAR coincidence 
detection occurs when repeated presynaptic glutamate release drives AMPAR-mediated 
depolarization of the postsynaptic neuron, relieving the Mg2+ block, and permitting Ca2+ 
influx through the NMDAR. A developmental switch occurs in early post-natal mammals 
in which NMDARs, initially composed of predominantly GluN1-GluN2B subunits become 
diluted by an increase in GluN2A subunit expression to include many more GluN1-




during development for plasticity induction because GluN2A subunits have slower 
inactivation kinetics causing greater Ca2+ influx and stronger LTP (Flint et al, 1997, Barth 
and Malenka, 2001, Lu et al 2007). This observation of the importance of NMDAR-
dependent plasticity supports the idea that learning plasticity is more readily achieved in 
young vs. old animals. 
 Ca2+ influx through the NMDAR causes a postsynaptic rise in Ca2+ within the 
dendritic spines of excitatory neurons, a necessary step for initiation of synaptic plasticity. 
At developmentally mature synapses, LTP is favored by activation of various kinases, with 
a steep requirement for Ca2+/calmodulin dependent kinase II (CaMKII) and also involves 
PKA and protein kinase C (PKC) among others (Malenka and Nicoll, 1999).  LTP leads to 
numerous signaling cascades, many of which are still poorly understood. However, the 
principal design of these signaling networks is to facilitate phosphorylation and insertion 
of additional AMPAR into the postsynaptic plasma membrane and growth of the dendritic 
spine, leading to enhancement of synaptic strength. On the other hand, LTD or synaptic 
weakening, is also critically dependent on NMDAR Ca2+ influx, but can also be triggered 
through mGluRs. Though LTD is even less well understood than LTP, a long standing 
tenet involves the activity of phosphatases such as CaN and PP1 that dephosphorylate 
substrates in the postsynaptic spine. The primary target of these phosphatases are 
AMPARs, which are removed from the postsynaptic membrane during LTD, causing a 





Voltage-gated Ca2+ channel structure and function  
In excitable cells, the voltage gated Ca2+ channel family is indispensable for an 
array of cellular processes including muscle contraction, insulin secretion, neurotransmitter 
release, and transcriptional regulation (Catterall, 2011).  VGCCs are encoded by 10 genes 
that are divided into three evolutionarily distinct clades and are classified as CaV1 (CaV1.1-
4), CaV2 (CaV2.1-3), and CaV3 (CaV3.1-3). The CaV1 clade are referred to herein as L-type 
while CaV2 include P/Q-, N-, and R-type channel subtypes, and the CaV3 family are 
commonly referred to as T-type channels. VGCC isotypes are characterized by amino acid 
divergence in the -subunit and are defined by the range of voltage detection, ion 
selectivity, and sensitivity to drugs. All VGCCs are composed of three obligatory subunits 
Figure 1.1 Membrane topology of CaV1.2. The LTCC is composed of three obligatory 
subunits: the pore-forming 1, intracellular , and predominantly extracellular 2. The 
-subunit consists of four repeated domain modules (I-IV) containing 6 transmembrane 
segment (S1-S6), intracellular loops, and a long intracellular C-terminal tail. LTCC 
kinetics and open channel probability are influenced by the associated intracellular  and 




including the pore forming  subunit and the accessory subunits  and 2 (Figure 1.1). 
The pore forming -subunit is composed of four homologous tethered domains (I-IV) each 
of which contains six transmembrane segments (S1-S6). VGCCs sense changes in 
membrane polarization by the twisting outward movement of four positively charged S4 
segments causing channel opening. The four plasma membrane re-entrant S5-S6 loops 
form the selectivity filters of VGCCs while the larger I-II, II-III, and III-IV domain-
intervening loops carry out distinct functional roles in the regulation of channel activity. 
Of particular interest to the studies described below are the LTCCs and they are defined by 
their selective blockade by dihydropyridines and their relatively depolarized range of 
voltage activation.  
LTCCs are regulated to great and not entirely understood process of protein-protein 
interactions that occur in the intracellular loops and tails of the channel. CaMKII interacts 
with CaV1.2 primarily at its N and C-terminal intracellular tails and with the -subunit. The 
CaMKII interaction is thought to facilitate voltage and Ca2+ dependent facilitation through 
enhancement of channel open probability likely through a phosphorylation mechanism 
(Grueter et al., 2006; Hudmon et al., 2005; Lee et al., 2006). In LTCCs, loop I-II contains 
the alpha-interacting domain that binds to the  subunit. -subunit binding alters the 
kinetics of activation and inactivation while increasing the current of CaV1.2 type LTCCs 
(Walker and De Waard, 1998). In addition, an ER retention signal has been identified in 
loop I-II that -subunit binding masks, promoting -subunit trafficking to the plasma 
membrane (Bichet et al., 2000). Growing evidence suggests that the II-III loop of CaV1.2 
may serve as a protein-protein interaction site for SNARE proteins including Sx1A, SNAP-




2001; Ji et al., 2002; Wiser et al., 1999). This has important implications for LTCC 
regulation of exocytosis of synaptic plasticity related cargoes in neurons. However, the 
portion of the LTCC most often studied and implicated in regulation of channel activity is 
the intracellular C-terminal tail and its regulation by PKA phosphorylation with be 
discussed further below. 
 
Neuronal CaV1 isoforms and their subcellular distribution 
Two isotypes of LTCCs, CaV1.2 (or 1C) and CaV1.3 (or 1D) are expressed 
throughout the hippocampus. Both CaV1.2 and 1.3 expression can be detected in 
hippocampal neuron soma, dendrites, and in spines. However, it has been reported that 
CaV1.2 outnumbers CaV1.3 by a ratio of 4:1 in the hippocampus (Hell et al., 1993). Thus, 
it is most likely that CaV1.2 is the predominant LTCC isoform contributing to hippocampal 
LTCC current. While CaV1.2 knockout mice show deficits in hippocampal function 
(Moosmang et al., 2005), CaV1.3 knockout mice are normal when challenged with 
NMDAR-dependent and NMDAR-independent forms of hippocampal LTP (Clark et al., 
2003). However, I cannot exclude a minor role for Cav1.3 in this work because CaV1.2 and 
1.3 channels are not easily pharmacologically isolated nor is the potential regulation of 
CaV1.3 by AKAP79/150 well understood. At the cellular level, CaV1.2 is expressed in 
spines and dendritic shafts of CA1 pyramidal neurons of the hippocampus where they are 
poised to respond to rapid changes in membrane potential due to back propagating action 






Excitation-transcription coupling and L-type Ca2+ channel-dependent plasticity 
 LTCCs are voltage-activated either by membrane depolarization resulting from 
back propagating action potentials or from excitatory postsynaptic potentials initiated by 
NMDA and AMPARs localized within dendritic spines. LTCCs are involved in local Ca2+ 
signaling during synaptic plasticity (Yasuda et al., 2003), but also play an important role 
in the induction of a gene expression component of L-LTP that is independent of the 
NMDAR (Deisseroth et al., 2003; Grover and Teyler, 1990). LTCCs couple excitation to 
activation of transcription factors including CREB, MEF, and NFAT through kinases and 
phosphatases including, but not limited to, CaMKs, ERK, PKA, and CaN (Bading et al., 
1993; Bito et al., 1996; Dolmetsch et al., 2001; Graef et al., 1999; Hall et al., 2007; Impey 
et al., 1996, 1998; Mermelstein et al., 2000; Murphy et al., 1991; Oliveria et al., 2012). The 
importance of CaV1.2 in learning and memory has been described in forebrain specific 
CaV1.2 knockout mice in which NMDAR-independent and protein synthesis dependent L-
LTP is impaired. Furthermore, these mice show a defect in CREB activation and various 
forms of working memory (Moosmang et al 2005; Langweiser et al 2010). 
 
NFAT signaling and function in neurons 
Long lasting forms of synaptic plasticity require changes in the expression of 
various genes involved in plasticity related processes. Mediating transcriptional responses 
in neurons are a variety of transcription factors that become activated during changing 
neuronal activity states that include the nuclear factor of activated T-cells (NFAT) family 






The NFAT family is encoded by five gene products: NFATc1-4, and NFAT5. 
NFATc1-4 are monomeric, require activation by Ca2+/CaN signaling (Clipstone and 
Crabtree, 1992), and interact weakly with DNA. Conversely, NFAT5 exists as a dimer, 
interacts stably with DNA, and does not respond to Ca2+ signaling. Because this 
dissertation addresses the role of Ca2+ signaling in synaptic plasticity, I will focus here on 
the NFATc1-4 members of this transcription factor family.  
In neurons, NFAT signaling is initiated when LTCCs open in response to AMPAR 
and NMDAR mediated membrane depolarization. An abundant population of CaM 
molecules are tethered to the LTCC intracellular loops and tails that sense Ca2+ influx and 
Figure 1.2 Neuronal NFAT signaling pathway. In neurons, LTCCs can couple 
electrochemical activity to transcription through a Ca2+- dependent signaling cascade 
resulting in NFAT transcription factor activation. Ca2+influx through the LTCC binds 
apoCaM, causing the Ca2+-CaM-dependent stimulation of CaN activation.  Activated CaN 
dephosphorylates NFATc family members exposing a nuclear localization signal that 
results in nuclear import. Once in the nucleus, NFATc requires an association with NFATn 
transcription factors to efficiently initiate transcription of NFAT target genes. Nuclear 





cause the Ca2+/CaM-dependent activation of CaN. CaN then dephosphorylates NFATc 
proteins. NFAT dephosphorylation causes a conformational change revealing nuclear 
localization sequences (NLS) and masking nuclear export sequences (NES) resulting in 
nuclear import (Okamura et al., 2000). NFATc are subsequently exported after 
rephosphorylation by various kinases such as PKA, dual specificity tyrosine 
phosphorylation related kinase 1 (Dyrk1), casein kinase (CK), glycogen synthase kinase 3 
(GSK3), and mitogen activated protein kinase (MAPK) family members (Beals et al., 1997; 
Chow et al., 1997; Gómez del Arco et al., 2000; Okamura et al., 2004; Zhu et al., 1998) 
(Figure 1.2). As described above, NFATc proteins have intrinsically weak DNA binding 
ability, therefore, to effectively interact with DNA, NFATc cooperate with other 
transcription factors that are referred to as NFATn. NFATn identified in neurons include 
AP-1, MEF2, and Sox2 transcription factors (Crabtree and Olson 2002). This is an 
important feature of NFAT signaling because it allows for the coincident integration of 
convergent signaling cascades.  
Full length transcripts of the NFATc transcription factors generate relatively large 
proteins that range in size from 925 to 1075 amino acids in length. The NFATc homologues 
share a common domain organization consisting of unique N- and C-terminal 
transactivation domains, a complex regulatory domain, and a Rel homology region (RHR) 
involved in DNA and protein-protein interactions (Figure 1.3). The N- and C-terminal 
transactivation domains of the NFATc proteins are important for recruitment of 
transcriptional coactivators when bound to DNA (Luo et al., 1996). Association of NFATc 
family members with histone acetyltransferases such as p300 and CBP facilitate assembly 




Transactivation domain phosphorylation further regulates NFATc activity in the nucleus 
(Ortega-Pérez et al., 2005). The regulatory domain of NFATc proteins contains both the 
PxIxIT and LxVP motifs that are required for efficient CaN binding and 
dephosphorylation. The PxIxIT motif, first identified in the NFAT proteins, has a relatively 
low affinity for CaN. This feature is important because it maintains sensitivity to cellular 
signals and prevents constitutive NFAT activity (Aramburu et al., 2000). A second 
critically important CaN docking site, the LxVP motif, is thought to facilitate association 
of substrate with the active site of CaN to ultimately drive catalysis (Grigoriu et al., 2013).  
NFATc1-4 and their splice isoforms are expressed throughout the brain, including 
the olfactory bulb, hypothalamus, cerebral cortex, brainstem, and hippocampus (Bradley 
et al., 2005; Vihma et al., 2008).  Because NFATc1-c4 are all expressed in the brain and 
exhibit considerable functional redundancy, determining a precise role for each NFATc 
Figure 1.3 NFAT transcription factor domain organization. All NFATc isoforms share 
a common domain architecture consisting of an N-terminal activation domain, a complex 
regulatory domain that confers Ca2+ regulation by calcineurin and an abundance of putative 
phosphorylation sites that regulate nuclear shuttling. The DNA binding domain or Rel 
homology region (RHR) contains the AP-1 transcription factor association domain and a 
putative leucine zipper conserved among all NFATc isoforms. The NFATc C-terminal 
region is also associated with transactivation functions in the nucleus. CaN interacts with 
the PxIxIT and LxVP motifs of NFATc isoforms to facilitate the efficient 
dephosphorylation of the serine-rich gatekeeper regions (SRR) and serine-proline repeat 





isoform remains a difficult task. Gene-knockout mice that lack individual NFAT proteins 
show mild deficits while combinatorial knockouts are lethal due to disorganized 
development of the vasculature and nervous system. Knockout of the NFATc2, c3 and c4 
isoforms results in defective axon outgrowth in the embryonic brain suggesting that NFAT 
signaling is required for axon guidance during development (Graef et al 2003). It remains 
to be seen if conditional forebrain-specific knockouts could reveal the importance of NFAT 
signaling in mature animals. In cardiac myocytes, NFATc3 down-regulates the expression 
of the 1 subunit of large conductance  Ca2+-activated K+ (BK) channels causing impaired 
Ca2+ sensitivity of the channels during hypertension and exacerbating smooth muscle 
contractility (Nieves-Cintron et al 2007). This type of regulation of BK channels has not 
been examined in detail in neurons but could have important implications for CaN/NFAT 
signaling in regulation of neuronal excitability and synaptic plasticity because LTCCs have 
been shown to couple locally to BK channels in neuronal nano-domains (Liu et al., 2004). 
The role of NFAT signaling in mature neuronal circuits is still unknown and because the 
genes regulated by the NFATc have primarily been determined outside the nervous system, 
only a handful of neuronal transcriptional targets of NFATc proteins have been identified. 
However, the few transcriptional targets that have been identified offer some intriguing 
potential interactions with known synaptic plasticity mechanisms and include brain derived 
neurotrophic factor (BDNF) (Groth and Mermelstein, 2003; Groth et al., 2007), inositol 
triphosphate receptors (IP3R) (Carafoli et al., 1999; Genazzani et al., 1999; Graef et al., 
1999), M-type K+ channels (Zhang and Shapiro, 2012), and Down syndrome critical region 





Regulation of CaV1 by protein kinase A phosphorylation 
PKA is composed of two catalytic subunits and a constitutively dimerized 
regulatory subunit that is held together by a four helix bundle known as the 
dimerization/docking (D/D) domain (Taylor et al., 2013). In the classical view, the catalytic 
subunits of PKA are inactive in the absence of cAMP due to allosteric inhibition by the 
regulatory subunits. When cAMP levels rise, due to GPCR activation or stimulation of 
Ca2+-sensitive ACs, cAMP binds to the regulatory domains causing a conformational 
change that relieves the allosteric inhibition and releases active catalytic subunits. Though 
PKA catalytic activity is enhanced by cAMP, the notion that PKA is inactive in the absence 
of cAMP is being challenged (Smith et al., 2013). PKA is more likely to reside within a 
spectrum of activity depending upon subcellular localization and local cAMP 
concentration. 
The importance of PKA phosphorylation of LTCCs was first implicated in the heart 
where adrenergic stimulation was shown to enhance a slow inward Ca2+ current (Reuter, 
1967). It was later demonstrated that cAMP and the cAMP dependent kinase PKA were 
involved in transduction of the -adrenergic stimulus to Ca2+ current enhancement 
(Osterrieder et al., 1982; Reuter, 1974; Trautwein et al., 1982; Tsien, 1973; Tsien et al., 
1972). In addition to -adrenergic signaling there is evidence that basal PKA 
phosphorylation of LTCCs is required for their response to membrane voltage (Armstrong 
and Eckert, 1987; Ono and Fozzard, 1992). Additionally, endogenous activation of PKA 
was shown to potentiate the current elicited in heterologous cells expressing the full length 
isoform of CaV1.2, further supporting the role of direct PKA phosphorylation on 




phosphorylation site in the C-terminal tail of CaV1.2 was proposed to mediate the effects 
of PKA, Ser1928 (De Jongh et al., 1996). This was demonstrated when mutation of 
Ser1928 to alanine reduced the current enhancement caused by PKA activation using a 
non-hydrolysable form of cAMP by 80% (Gao et al. 1997). For some time it was widely 
accepted that Ser1928 was the primary site for PKA phosphorylation (Davare et al., 2001; 
Hall et al., 2006; Hulme et al., 2006; Kamp and Hell, 2000). However, controversy has 
clouded our understanding of which sites are truly critical for PKA enhancement of LTCC 
activity (Weiss et al 2013). Recent work has examined the requirement for Ser1928 in PKA 
mediated LTCC current enhancement by expressing a CaV1.2 Ser1928Ala mutant in either 
tsA-201 cells, virally transduced ventricular myocytes, or in dissociated mutant mouse 
myocytes. All of these studies suggested that Ser1928 is not required for -adrenergic 
enhancement of LTCC currents in non-neuronal cells (Lemke T et al 2008; Fuller MD et 
al 2010). Alternative conflicting lines of evidence suggest that another PKA site, Ser1700 
is either not required (Yang et al. 2013) or alternatively, critical (Fuller MD et al 2010; Fu 
et al 2013) for -adrenergic enhancement of LTCC activity in heart.  It is safe to say that 
the mechanism for PKA enhancement of LTCC activity is a mystery in the heart and will 
require more work to reconcile the ever expanding amount of conflicting evidence. The 
relevance of Ser1700 and Ser1928 in regulation of LTCC activity in the brain is largely 
unexplored. In opposition to PKAs role in stimulating LTCC activity, Ca2+-mediated 
feedback regulation of LTCCs occurs through a CaM/CaN-dependent mechanism 
(Peterson et al., 1999). In neurons, this mechanism depends on local anchoring to the LTCC 





Regulation of hippocampal synaptic plasticity by the postsynaptic scaffolding protein 
AKAP79/150 
The biochemical pathways that underlie synaptic plasticity are under profound 
second messenger regulation through reversible biochemical reactions that act as chemical 
switches controlling neuronal signaling outcomes. Of particular importance in neuronal 
signaling is phosphorylation. The addition of phosphate groups by protein kinases causes 
rapid and reversible changes in protein function. Protein kinases are activated by second 
messengers that include Ca2+, (cyclic adenosine monophosphate (cAMP), and/or 
phospholipids to catalyze transfer of phosphate groups from adenosine triphosphate to 
serine, threonine, or tyrosine residues on substrate proteins. Conversely, phosphates are 
removed by phosphatases either constitutively or in a Ca2+-dependent manner. The degree 
of ensemble target protein phosphorylation thus reflects the balance between competing 
actions of kinase and phosphatase signaling pathways. Because kinases and phosphatases 
comprise a significant percentage of total neuronal protein, local regulation of the spatial 
and temporal specificity of phosphorylation is required. Enzyme-scaffold complexes are 
critical to many signaling pathways acting as nodes for integration of complex cellular 
signals by providing local enrichment of enzyme, substrate, and regulatory elements in 
distinct subcellular compartments (Good et al., 2011; Pawson and Scott, 2010; Zeke et al., 
2009).  
Though not appreciated at the time, MAP2 was the first member of a large family 
of scaffolding proteins known as A-kinase Anchoring Proteins (AKAPs) shown to interact 
with the RII regulatory subunit of the PKA holoenzyme (Theurkauf and Vallee, 1982).. 




alpha helix that is buried within a hydrophobic groove formed by the D/D domain.  (Carr 
et al., 1991; Kinderman et al., 2006; Newlon et al., 2001; Sarma et al., 2010; Scott et al., 
1990). While the majority of AKAPs are specific for the RII subunit of PKA, there are also 
RI specific AKAPs and those that bind both RI and RII known as “dual specific” AKAPs 
(Huang et al., 1997). In addition to PKA, AKAPs often interact with other signaling 
enzymes including protein phosphatases, other kinases, phosphodiesterases (PDE), and 
andenylyl cyclases (AC) to form multi-enzyme signaling complexes that confer spatial and 
temporal precision in compartmentalized subcellular signaling through identifiable 
targeting motifs (Smith et al., 2006a). Within the complex cellular architecture of neurons, 
local signaling is likely to be of utmost importance. In postsynaptic spines of excitatory 
neurons, an electron dense structure known as the post synaptic density (PSD) is localized 
in close apposition to the synaptic cleft where a network of scaffolding and adapter 
Figure 1.4. Domain organization of the AKAP79 scaffold. The AKAP79 postsynaptic 
scaffold has a modular domain structure regulating interactions with many postsynaptic 
components involved in synaptic plasticity. An N-terminal polybasic region is known to 
interact with membrane phospholipids, F-actin, adenylyl cyclases, CaM, and PKC (some 
not shown). Secondary interactions with AMPAR and NMDAR are mediated by PSD-95 
and SAP-97 binding to the MAGUK domain. The PxIxIT motif interacts with the CaNA 
subunit to mediate CaN holoenzyme anchoring. The classical amphipathic a-helix 
common to all AKAPs anchors PKA RII regulatory subunits to AKAP79/150. At the 
distal C-terminus is a leucine zipper motif that confers CaV1.2 binding through a 





proteins, receptors, voltage sensing ion channels and signaling molecules are poised to 
respond to local synaptic activity. In this structural network, local scaffolding in multi-
protein complexes allows for spatial precision and temporal efficiency in regulation of 
phosphorylation by kinases and phosphatases.  
 The A-kinase anchoring protein 79/150 (AKAP79/150) (note: AKAP79 is the 
human form while AKAP150 is the rodent orthologue) (also referred to as AKAP5) is 
localized within the PSD of excitatory neurons of the hippocampus through interactions 
with plasma membrane bound phospholipids (Gomez et al., 2002), the actin cytoskeleton 
(Colledge et al., 2000), and MAGUK adapter proteins (e.g. PSD-95 & SAP97) (Carr et al., 
1992; Robertson et al., 2009). AKAP79/150 anchors the regulatory subunit (RII) of PKA 
and the catalytic subunit of the phosphatase CaN (CaNA) where they form an opposed 
regulatory loop in a microdomain able to respond to their respective Ca2+-stimulated 
effectors cAMP and Ca2+-CaM to modify local substrates (Dell’Acqua et al 2002; Coghlan 
et al 1995; Oliveria et al 2003). It has become clear that AKAP79/150 is a key regulator of 
the molecular constituents of the PSD from experimental evidence describing primary and 
secondary molecular interactions with PKC, CaM, ACs, MAGUKs, glutamate receptors, 











PRECISELY TUNED DYNAMICS OF AKAP79/150-ANCHORED CAN ALLOWS 
FOR EFFICIENT Ca2+-CAN-NFAT SIGNALING1 
 
Introduction 
CaN is a serine/threonine protein phosphatase containing a ~60 kDa catalytic 
subunit (CaNA) and a ~19 kD regulatory subunit containing Ca2+ binding EF-hands 
(CaNB) (Aramburu et al., 2000). The Ca2+ sensing protein calmodulin translates 
intracellular Ca2+ signals into CaN activation through a high affinity interaction that causes 
displacement of an autoinhibitory segment from the CaN catalytic site. CaN signaling is 
important for cardiac development and pathophysiology, for nervous-system development, 
and for some of the plastic changes in neurons that are believed to underlie learning and 
memory (Groth et al., 2003; Heineke and Molkentin, 2006; Hogan et al., 2003; Molkentin 
and Dorn, 2001; Zeng et al., 2001). CaN-NFAT signaling has been intensely studied for its 
role in immune-cell activation and as the target of the immunosuppressive drugs 
cyclosporine A and FK506 (Macian, 2005). These studies led to the identification of a 
recognition sequence for CaN that is shared by many CaN substrates and that was first 
described as having the consensus sequence PxIxIT (Aramburu et al., 1998). A high-
affinity version of the PxIxIT sequence, PVIVIT, was selected from a randomized peptide 
library (Aramburu et al., 1999) and used to define the structural basis of substrate 
recognition by CaN (Li et al., 2004, 2007). CaN recognition sites display considerable 
                                                          
1 This chapter has been modified with permission from Li, H., Pink, M.D., Murphy, J.G., Stein, A., 
Dell’Acqua, M.L, Hogan, P.G. Balanced Interactions of Calcineurin with AKAP79 regulate Ca2+-




natural variation in their sequences and their affinities for CaN (Li et al., 2007, 2011). The 
recognition sites of NFAT proteins (PRIEIT, PSIRIT and PSIQIT) display an intermediate 
Kd of ~25 μM for CaN, whereas the sequences PQIIIS in human TRESK and PVIAVN in 
yeast Hph1 bind CaN with Kds of 5 μM and 250 μM, respectively. The strength of 
individual CaN-substrate interactions is an important parameter for intracellular signaling, 
and, in particular, increasing the strength of a calcineurin-substrate interaction above that 
of the wild-type proteins can lead to disordered signaling (Aramburu et al., 1999; Li et al., 
2011; Roy and Cyert, 2009; Roy et al., 2007). 
As introduced above, enzyme-scaffold interactions play a critical functional role in 
physically assembling the components of many signaling pathways. AKAP79/150 anchors 
the kinase PKA, the phosphatase CaN, and other proteins and targets them to a variety of 
locations in the plasma membrane (Coghlan et al., 1995; Logue and Scott, 2010). 
AKAP79/150 is of particular interest because it balances the opposing effects of 
calcineurin and PKA on neuronal voltage-gated LTCCs (Oliveria et al., 2007) and 
coordinates the activities of calcineurin, PKA and PKC on a number of other channels and 
receptors (Hall et al., 2007; Hoshi et al., 2003; Lin et al., 2011; Liu et al., 2004; Pawson 
and Scott, 2010; Sanderson and Dell’Acqua, 2011; Tavalin et al., 2002; Tunquist et al., 
2008). In rat hippocampal neurons, NFAT signaling is initiated by the local elevation of 
Ca2+ concentration near L-type Ca2+ channels (Graef et al., 1999; Oliveria et al., 2007). 
RNA interference (RNAi)-mediated depletion of endogenous AKAP150, eliminates NFAT 
activation in neurons, which, however, can be rescued by expression of human AKAP79 
(Oliveria et al., 2007). A conserved CaN-binding site has been mapped in AKAP79 








deletion of this anchoring sequence eliminates the ability of AKAP79 to rescue NFAT Figure 2.1. Crystal structure of CaN in complex with the KAP79 peptide. A)
Schematic of human AKAP79 showing the location of the CaN PxIxIT-like anchoring 
motif and sequence alignment relative to the PVIVIT peptide. Numbering for AKAP79 
and the PVIVIT peptide are shown above and below the sequences respectively. B) Three 
dimensional shaded ribbon diagram depicting the overall structure of the CaNA (brown)-
calcineurin B (magenta) heterodimer in complex with AKAP79 peptide. The key 
interacting residues of AKAP79 are labeled in stick form at the surface of CaNA. C) A 
2F0-Fc map contoured at 1s describes the electron density which defines the Ile340-Ile342 
stretch at the core of the CaN-anchoring motif of AKAP79. D) Overlaid ribbon diagram of 
the AKAP79 PIAIIIT containing peptide with the previously solved PVIVIT crystal 
structure(Li et al., 2007) demonstrates conservation of the CaN-AKAP79 contact mode. 
Slight backbone flexion of AKAP79 is visible due to Ile338 occupying the “proline pocket” 
of CaNA. Core residues are shown as in “B”. E) The H-bond between Thr343 of AKAP79 
and Asn330 of CaNA recapitulates a thermodynamically critical contact in the CaN-
PVIVIT structure. F) Side-by-side comparison of the CaN–AKAP79 structure (left) and 
CaN–PVIVIT structure (right) viewed from the ‘proline pocket’ defined in the CaN–
PVIVIT structure. Calcineurin is shown in surface representation with residues in direct 
contact with the peptides colored orange, and the peptides are displayed in stick 




emphasizing the local nature of CaN-NFAT signaling and the importance of CaN 
scaffolding by AKAP79 in these cells (Dell’Acqua et al., 2002; Oliveria et al., 2007).  
Building off of work that defined the structural basis for the CaN-PVIVIT 
interaction (Li et al., 2007), our colleagues Dr. Patrick Hogan and Dr. Huiming Li 
undertook X-ray crystallographic studies to examine the structure, affinity, and kinetics of 
the CaN-AKAP79 interaction in a fruitful collaboration with our lab (Li et al., 2012). Here 
I will describe the results of their efforts and the work of Matthew Pink Ph.D., a former 
graduate student in the Dell’Acqua lab, as an introduction to the results I gathered as a co-
author on the final manuscript.  
Structural insights into the CaN-AKAP interaction. The crystallized CaN-
AKAP79 complex bears one AKAP PIAIIIT peptide sandwiched between two CaNA-
CaNB heterodimers in an asymmetric arrangement. Just as in the CaN-PVIVIT structure 
that describes consensus CaN substrate recognition (Li et al., 2007), the AKAP79 peptide 
is in closer apposition to one of the two CaN heterodimers in the crystal (Figure 2.1B). 
The 2 Å resolution of the crystal structure determined by Li and Hogan clearly defined the 
electron density of mutual surfaces of the CaN-AKAP79 interaction (Figure 2.1C). In 
complex, the AKAP peptide assumes an extended -strand configuration along -strand 
14 of CaNA while seven H-bonds position CaNA in contact with residues Ala339 and 
Thr345 of AKAP79 (Figure 2.1B-D). In an arrangement identical to that seen in the CaN-
PVIVIT complex, Ile340 and Ile342 of AKAP79 make hydrophobic contacts within the 
trough between -strand 11 and 14 of CaNA (Figure 2.1C), while Thr343 of AKAP79 
forms an H-bond with Asn330 of CaNA (Figure 2.1E). Interestingly however, Ile338 of 




approximately the same depth within the structure of CaNA (Figure 2.1F), causing a slight 
displacement of the backbone at Ile338 of AKAP79 away from the CaN surface when 
compared to PVIVIT (Figure 2.1D). Based on the structure obtained by Li and Hogan, the 
N-terminal flanking region of the AKAP79 peptide is poorly defined while the C-terminal 
residues form weak van der Waals contacts with the surface of CaNA. The poor 
interactions outside the PxIxIT motif of AKAP79 are consistent with the idea (Li et al., 
2007) that regions outside the core recognition peptide of CaNA interacting proteins 
contribute only weakly to the Gbinding and may subserve the interaction though residing in 
a low energy configuration.  
Studies of the CaN-AKAP79 complex in solution. Armed with the crystal 
structure of the CaN-AKAP79 complex, our collaborators further defined the 
stoichiometry and contact mode in vitro through solution binding experiments. Using size 
exclusion chromatography coupled with multi-angle light scattering (SEC-MALS) 
demonstrated a clear shift in the migration of the CaN peak upon binding an AKAP79 
fragment (333-408). This shift corresponded to a ~8 kDa increase in mass suggestive of a 
1:1 complex between AKAP79 (333-408) and CaN (Figure 2.2A). The asymmetric 
arrangement of the CaN-AKAP79 crystal structure offered two possible modes of contact 
between the PIAIIIT motif of AKAP79 and CaN in a 1:1 complex (Figure 2.2B). Contact 
mode 1 buries 1332 Å2 of surface area and makes seven backbone H-bonds while contact 
mode 2 buries 820 Å2 and makes four backbone H-bonds. One prominent difference 
between the two contact modes is whether Ile338 is buried within the “proline pocket” of 
the CaN binding surface or not (Figure 2.2B). Mutation of Ile338 to alanine reduced the 




Ile338 is important for CaN binding favoring contact mode 1. Further, although both 
contact modes 1 and 2 in the crystal structure suggested that Pro337 did not play an 
important role in the CaN-AKAP79 (PIAIIIT) interaction, the significant energetic 
contribution of Pro6 in the PVIVIT structure led to our collaborators to determine what 
effect mutation of Pro337 to alanine had on binding. Interestingly, although Pro337 might 
appear at first glance to potentially be important in the PxIxIT motif of CaN binding 
partners, it had no impact on CaN-AKAP affinity (Figure2.2C) suggesting that Ile338 of 
AKAP79 is functionally homologous to Pro6 in PVIVIT by interacting with the “proline 
pocket” of CaN. Taken together, the SEC-MALS and competitive binding data establish 
that CaN binding at the IAIIIT site, in solution, gives a 1:1 complex, and support the 
structural model depicted in Figures 2.1B and 2.1F. 
Figure 2.2. The CaN-AKAP79 complex organizes into contact mode 1 in solution. A) 
SEC-MALS analysis of CaN alone (red), CaN–AKAP complex (orange) and BSA standard 
(blue). The corresponding SDS-polyacrylamide gel is shown (inset). AU, arbitrary units. 
(b) Alternative 1:1 complexes based on the two calcineurin molecules in the crystal 
asymmetric unit. (c) Competition of the indicated GST-AKAP79333–348 fusion proteins 
with fluorescent PVIVIT peptide for binding to calcineurin. The estimated Kis are AIAIIIT, 
3.7 μM; PIAIIIT, 3.9 μM; PAAIIIT, 47 μM. Total competitor concentration (not free 




Our lab has previously shown that the IAIIIT anchoring site of AKAP79/150 is 
essential for NFAT signaling in hippocampal neurons because it underlies recruitment of 
CaN to AKAP79 complexes adjacent to the L-type Ca2+ channel (Oliveria et al., 2007). 
Recruitment of CaN to AKAP-scaffolded complexes in neurons will depend on the 
concentration of free CaN and on the Kd of the binding interaction. To obtain a direct 
estimate of CaN-AKAP79 Kd, our collaborators made quantitative measurements of FRET 
Figure 2.3. FRET binding curves determine the affinity of CaN for WT AKAP79 
(333-408). A) CaN binding to AKAP79333–408 was monitored by stopped-flow FRET 
measurements. The observed time course of binding at 22 °C is shown for four CaN 
concentrations. B) A plot of plateau FRET intensities against CaN concentrations. C) The 
association rate constant kon estimated from the data in “A” based on a model of reversible 
binding to a single class of sites. D) Dissociation of the CaN–AKAP79333–408 complex 
at 22 °C. In this AKAP79333–408 protein, the RIIα-anchoring site was replaced by the 
AKAP–in silico (AKAP-IS) sequence (Alto et al., 2003; Gold et al., 2006). Data shown 






between an ATTO425-AKAP79 (333–408) donor and rhodamine-CaN acceptor. Titration 
with increasing concentrations of CaN yielded a binding curve at room temperature that 
could be fitted with Kd = 0.4 µM (Figure 2.3A, B; Table 2.1), supporting the Kd they 
estimated independently from kinetic measurements, ~0.3 µM (Figure 2.3C, D). Thus, our 
collaborators concluded that interaction at the IAIIIT site can effectively recruit CaN in 
neurons if the free CaN concentration is in the high hundreds of nanomolar to low 
micromolar range. The rapid dissociation of CaN-AKAP79 peptide complex is particularly 
relevant to the transmission of intracellular signals. Even though AKAP79 and NFAT 
utilize the same surface to dock on CaN, recruitment of CaN to AKAP79 need not be in 
conflict with productive signaling because of the rapid equilibration between free CaN and 
AKAP-bound CaN. Experiments reported below establish that dissociation at 
physiological temperature is even more rapid than in the experiment of Figure 2.3. 
Systematic analysis of the sequence determinants for the CaN-AKAP complex. 
Again, the new knowledge of the CaN–AKAP79 structure gave our collaborators an 
opportunity to investigate the effect of systematically varying the affinity of this enzyme-
scaffold interaction. Building on earlier studies performed by Li and Hogan that defined 
the CaN–PVIVIT structure and the rules that connect changes in the sequence of CaN 
recognition sites to variations in affinity for substrate (Li et al., 2007), they designed a 
small panel of AKAP79 anchoring peptides whose affinities for CaN span a wide range. 
Informed by the crystal structure of the CaN-AKAP79 complex, our colleagues replaced 
amino acids I338P, T343A, or both. For the remainder of this chapter, WT and variant 
AKAP proteins are referred to by 7mer sequences to facilitate comparison with the 




variants, as GST fusion proteins, were used to displace labeled PVIVIT demonstrated that 
the relative affinities were PPAIIIT > PIAIIIT > PPAIIIA > PIAIIIA, covering more than 
a 100-fold range in Kd (Figure 2.4A,B; Table 2.1). Notably, the PPAIIIT variant, in which 
Ile338 was substituted with Pro, bound ~4-fold more strongly to CaN than WT AKAP79.  
Regulation of NFAT signaling by dynamics of AKAP79-anchored CaN. In 
collaboration with Li and Hogan, a former graduate student in the Dell’Acqua lab, Matthew 
Pink Ph.D., explored the effect of varying the affinity of CaN-AKAP79 interactions on 
activation of the CaN-dependent NFAT signaling pathway in hippocampal neurons.  Full-
length AKAP79 proteins with either the WT PIAIIIT anchoring sequence or one of the 
mutated sequences PPAIIIT (high affinity), PPAIIIA (intermediate affinity), and PIAIIIA 
(low affinity) were cloned and expressed in rat hippocampal neurons.  NFAT signaling was 
stimulated by using a high extracellular K+ depolarization (Figure 2.5A),  a stimulus 
protocol that activates LTCC signaling to CaN and triggers NFAT 
Figure 2.4. AKAP79 sequence determinants for CaN binding affinity. A) Recombinant 
GST, GST-tagged wild-type AKAP79333–408 (PIAIIIT, lane 2), and the CaN-anchoring 
site variants PIAIIIA, PPAIIIA and PPAIIIT of AKAP79333-408 (lanes 3–5) were 
analyzed by SDS-PAGE and stained with Coomassie Brilliant Blue. B) Kis estimated in a 
competitive binding assay are PPAIIIT, 0.08 μM; wild type, 0.36 μM; PPAIIIA, 12 μM; 
and PIAIIIA, 39 μM. Total competitor concentration (not free concentration) is plotted. 




Figure 2.5. The high affinity AKAP anchoring mutant (PPAIIIT) does not support 
NFAT signaling in hippocampal neurons. A) KCl stimulus protocol previously shown to 
activate L-type Ca2+-channel signaling through calcineurin in hippocampal neurons (Graef 
et al., 1999; Oliveria et al., 2007). B) Summed intensity projection images of neuronal cell 
bodies and proximal dendrites in non-stimulated (NS) cultures and in cultures fixed at the 
indicated times after KCl stimulation. Transfection with control plasmid, AKAP150 RNAi 
plasmid and RNAi-resistant AKAP79 expression plasmids is indicated. The paired images 
show YFP or AKAP-YFP (white), DAPI-stained nuclei (blue) and endogenous NFAT 
(red). Scale bar, 10 μm. C) Time course of NFAT nuclear import after KCl stimulation, 
from experiments as in “B”, quantified as nucleus-to-cytoplasm mean fluorescence 
intensity ratios (Oliveria et al., 2007). Each point represents n = 12–25 neurons, and in each 
case the data have been normalized to the value for non-stimulated cultures (t = 0 min). 
Statistical comparisons were by one-way ANOVA with a Bonferroni post-hoc test, *P < 
0.05 and **P < 0.01 compared to AKAP79WT rescue. Error bars, s.e.m. Figure adapted 




nuclear translocation and NFAT-dependent gene expression (Graef et al., 1999; Oliveria 
et al., 2007). Endogenous NFATc4 was localized immunocytochemically and quantified 
as the nucleus to cytoplasm ratio of fluorescence intensity. As shown previously, 
knockdown of endogenous AKAP150 causes a loss of NFAT nuclear translocation that can 
be rescued by RNAi insensitive human AKAP79 (Figure 2.5B and C). While intermediate 
affinity AKAP79 (PPAIIIA) rescued NFATc4 nuclear translocation as efficiently as WT 
AKAP79, the lowest affinity AKAP79 (PIAIIIA) rescued less efficiently (Figure 2.5B and 
C). Previous work has shown that AKAP79 lacking the CaN-anchoring site does not rescue 
CN-NFAT signaling (Oliveria et al., 2007). Interestingly, the highest affinity AKAP79 
(PPAIIIT) mutant was similarly unable to rescue signaling (Figure 2.5D and E). 
One interpretation for the failure of the high affinity mutant AKAP79 sequence 
PPAIIIT to allow signaling is that Ca2+-CaM/CaN is no longer able to release from the 
AKAP79 scaffold to bind to NFAT after activation. Li and Hogan compared dissociation 
of calcineurin from its complexes with wild-type AKAP79 (333–408) (PIAIIIT) and with 
the PPAIIIT variant in stopped-flow FRET experiments at 36 °C (Figure 2.6A and B). 
Preformed CaN–AKAP79 complex was mixed with an excess of unlabeled PVIVIT 
peptide to prevent rebinding of calcineurin to AKAP79, and complex dissociation was 
monitored as the decrease in the FRET signal. The dissociation of calcineurin from wild-
type AKAP79 was rapid, with the mean dissociation rate 9.96 s–1 (range 8.84–11.84 s–1, n 
= 4), corresponding to a half-time of ~70 ms (Figure 2.6A). This result implied that 
calcineurin can rapidly expose its NFAT-binding surface even if that surface is initially 
engaged in a physiological complex with wild-type AKAP79. Dissociation of the higher-




Figure 2.6. The high-affinity AKAP79 (PPAIIIT) variant decreases the rate of CaN 




dissociation rate 4.24 s–1 (range 3.90–4.55 s–1, n = 4) and corresponding half-time ~163 ms Figure 2.6. Th  high-affinity AKAP79 (PPAIIIT) variant decreases the rate of CaN
dissociation in vitro and reduces the mobility of CaN in dendritic spines. A, B) 
Dissociation of calcineurin from wild-type AKAP79333–408 “A” and its I338P variant 
“B” at 36 °C. AU, arbitrary units. C) Time-lapse images of wild-type AKAP79-YFP 
fluorescence recovery in single dendritic spines of rat hippocampal neurons in culture at 
the indicated times after photobleaching. A pre-bleach image (t = −10 s) is shown for 
comparison. D) YFP fluorescence recovery in neurons cotransfected with CaNA–YFP and 
wild-type AKAP79-CFP or AKAP79-CFP variants as indicated. CFP fluorescence is not 
shown. E, F) Percent YFP fluorescence recovery plotted against time for the FRAP 
experiments illustrated in c and “D” and for similar experiments with the other AKAP79 
variants PIAIIIA and ΔPIX. In the experiment with CN-YFP alone, transfection with the 
RNAi plasmid was omitted. Max percent recovery (mobile fraction) values stated in the 
text were calculated from the curves in “E” and “F” by fitting a single exponential function. 
Statistical P values stated in the text were determined by one-way ANOVA with a 




(Figure 2.6B), consistent with a modest reduction in availability of the docking surface to 
interact with NFAT after calcineurin activation in cells. 
Matthew Pink Ph.D. undertook a second line of experiments to gain insight into the 
anchoring of calcineurin by AKAP79 in living cells. Using fluorescence recovery after 
photobleaching (FRAP) the mobile fraction of calcineurin-YFP in rat hippocampal neuron 
dendritic spines could be determined. Endogenous AKAP150 was depleted by RNAi and 
replaced with wild-type or mutant AKAP79. Coexpression of calcineurin-YFP with the 
ΔPIX variant (deletion of PIAIIIT), which cannot bind calcineurin, led to a significant 
increase in the mobile fraction of calcineurin (89.5 ± 0.7%, P < 0.001) when compared to 
rescue with wild-type AKAP79 (77.5 ± 0.6%) or the intermediate affinity PPAIIIA variant 
(77.1 ± 0.8%) (Figure 2.6C-F). Coexpression with the low-affinity PIAIIIA variant also 
gave a modest, but still significant, increase in mobile fraction (81.3 ± 0.6%, P < 0.01) 
consistent with reduced anchoring of calcineurin to this variant (Figure 2.6F). In contrast, 
the high affinity AKAP79 (PPAIIIT) mutant decreased the mobile fraction of CaN (61.6 ± 
0.7%, P < 0.001 compared to wild type) (Figure 2.6D and F). When compared to the 
mobile fraction of AKAP79 itself (61.8 ± 0.6%), the dynamics of CaN suggest it is very 
tightly associated with the high affinity mutant of AKAP79 (PPAIIIT) (Figure 2.6C and 
E). The variant AKAP79 proteins were all expressed at the same levels across experiments, 
as was calcineurin-YFP, and there was no change in the mobile fraction of AKAP79 with 
any variant tested (data not shown). These results indicate that calcineurin-AKAP binding 
contributes to the immobilization of calcineurin in dendritic spines, and that an increase in 
calcineurin-AKAP affinity that blocks NFAT signaling is reflected in an increase in 




detected in cells extends to a much longer time scale than calcineurin-AKAP79 dis-
sociation in vitro and thus probes a different aspect. 
 Rationale for continued studies of the CaN-AKAP complex. There are two 
primary aspects of this study that I have addressed in my thesis work. First, based on the 
crystal structure, solution binding experiments, and mutational analyses carried out by Li 
and Hogan, we have gained insight into the 1:1 stoichiometry of the AKAP79-CaN 
complex, which mode of contact is preferred between AKAP79 and CaN, and what amino 
acids form the interaction core within the AKAP79-CaN complex. However, some 
controversy exists over the stoichiometry of the AKAP-CaN complex. One study, done 
exclusively in vitro, suggests that AKAP79 exists as a dimer, each of which recruits two 
CaN molecules and two PKA holoenzymes to AKAP79 (Gold et al., 2011). To address this 
issue we have carried out further imaging experiments in live cells to demonstrate that the 
AKAP protein indeed recruits one CaN and two PKA molecules in an intact biological 
system. Secondly, Matthew Pink, Ph.D. demonstrated NFAT signaling is dictated by the 
affinity and dynamics of the AKAP79-CaN complex. It is known that NFAT signaling 
influences gene transcription in neurons and we have carried the above line of work to 





CaN and AKAP form a 1:1 complex in living cells. In order to determine whether 
CN and full-length AKAP79 also form a 1:1 complex in living cells, we compared 




AKAP79-CFP to the ratios measured in cells expressing a reference CFP-YFP protein 
covalently linking CFP to YFP or in cells expressing RII-YFP and AKAP79-CFP (Figure 
2.7A-E). As shown in our previous work (Gorski et al., 2005; Oliveria et al., 2003, 2007), 
coexpression of CaN- YFP (Figure 2.7A) or PKA-RII-YFP (Figure 2.7B) with WT 
AKAP79-CFP resulted in co-localization of the YFP-labeled proteins with AKAP79 at the 
plasma membrane, and in FRET between CFP and YFP. Both the plasma membrane co-
localization of CFP and YFP and the FRET signals were eliminated by deletion of the 
respective anchoring sites in AKAP79 (ΔCN, Figure 2.7A; ΔPKA, Figure 2.7B)(Oliveria 
et al., 2007). In the cases of CaN and RII, we applied a mask to the images in order to 
Figure 2.7. CaN and AKAP79 form a 1:1 complex in living cells. A,B) Images of living 
MDCK cells showing membrane co-localization (turquoise in composite panels) and 
corrected CFP donor to YFP acceptor FRET gated to the CFP channel (FRETc; 
pseudocolor, blue = no FRET to red = high FRET) for the indicated AKAP79-CFP proteins 
(blue) and CaNA–YFP (CN-YFP) (“A”; green) or PKA-RII-YFP (“B”; green). Scale bar, 
5 μm. C) CFP, YFP and FRETc images as above for a linked CFP-YFP construct. D) 
Measurements of apparent FRET efficiency, used to correct CFP fluorescence intensity for 
quenching. E) Corrected YFP/CFP fluorescence intensity ratios for experiments in d–f. 
Statistical comparisons were by one-way ANOVA with a Bonferroni post-hoc test; ***P 
< 0.001 and ns, P > 0.05 compared to the linked CFP-YFP standard (n = 10–41 cells). Error 




determine the YFP/CFP ratio specifically at membrane sites of co-localization and FRET. 
After correcting CFP fluorescence intensity for the quenching due to FRET, the YFP/CFP 
ratio of the CaN–WT AKAP79 pair was 6.6 ± 0.5, not significantly different from the 
YFP/CFP ratio of 8.5 ± 1.0 observed for 1:1 linked CFP- YFP (Figure 2.7E). Replacing 
WT AKAP79 with the I338P variant discussed above, to ensure high binding site 
occupancy, increased the YFP/CFP ratio only to 8.1 ± 0.6, still not significantly different 
from that of linked CFP-YFP. The YFP/CFP ratio of the RII-WT AKAP pair (25.2 ± 1.2) 
was, as expected, significantly greater than that of the 1:1 construct, in fact exceeding the 
reference value by more than a factor of two. One explanation for the excess YFP signal is 
that a minor fraction of RII-YFP is free or in complexes not involving AKAP79-CFP. 
There is no specific evidence whether or not there is such an excess YFP signal in the CaN 
experiments, but any CaN-YFP not complexed with AKAP79-CFP would lead to an 
overestimate, rather than an underestimate, of CaN in the CaN–AKAP79 complex. The 
YFP/CFP ratio measurements are most consistent with the formation of a 1:1 CaN– 
AKAP79 complex and a 2:1 RII–AKAP79 complex in cells, and are in agreement with our 
SEC-MALS data for the CaN–AKAP79 complex (Figure 2.2A) and the known structure 
of the RII–AKAP79 complex (Gold et al., 2006). 
The high affinity AKAP79 variant PPAIIIT does not couple Ca2+ influx to 
NFAT-dependent transcription in hippocampal neurons. The differences in NFAT 
nuclear localization among the AKAP79 CaN anchoring site mutants (Figure 2.6) have 
practical consequences for NFAT-dependent transcription (Figure 2.8). Endogenous 
AKAP150 in rat hippocampal neurons was depleted by RNAi as for the nuclear import 




Figure 2.8. The high affinity AKAP79 variant PPAIIIT does not couple Ca2+ influx to 
NFAT-dependent transcription in hippocampal neurons. A) Diagram of the 3xNFAT-
AP1-CFPnls transcriptional reporter construct used for single-cell imaging of NFAT-
dependent transcription. B) Modified KCl stimulation protocol used to assay L-type Ca2+-
channel activation of NFAT-dependent reporter-gene transcription in hippocampal 
neurons. C) Summed intensity projection images of neuronal cell bodies and proximal 
dendrites in non-stimulated (NS) cultures and in cultures fixed at the indicated times after 
KCl stimulation for neurons transfected with the 3xNFAT-AP1-CFPnls reporter along with 
the indicated RNAi, YFP and AKAP79-YFP constructs as in Figure 2.5A-C. YFP 
fluorescence is in white and nuclear-localized CFP fluorescence is in pseudocolor with a 
relative scale from blue (low intensity) to red (high intensity). D,E) Quantification of CFP 
reporter-gene expression 6 h “D” or 16 h “E” after KCl stimulation (+) from experiments 
as in “C”, normalized to the non-stimulated condition (−). *P < 0.05, **P < 0.01 and ***P 
< 0.001 by Student’s t-test compared to the respective non-stimulated condition (n = 11–




dependent transcription was monitored as expression of a 3×NFAT-ECFP reporter. WT 
AKAP79 and AKAP79 with PPAIIIA (intermediate affinity) were equivalent in rescuing 
transcription (Figure 2.8C-E). Consistent with its effect on NFAT nuclear translocation, 
the low affinity PIAIIIA AKAP was partially functional, as evidenced by rescue of NFAT 
transcription only at an early time (Figure 2.8D) but not a later time after stimulation 




The above studies provide strong evidence that the IAIIIT recognition peptide 
makes a principal contribution to CaN-AKAP79 anchoring in vitro and in cells. In fact, the 
sequence IAIIIT shows the highest affinity so far observed for a natural CaN recognition 
site with a measured Kd less than 1 µM. Competitive binding assays with the PAAIIIT, 
PIAIIIA and AIAIIIT variant peptides and larger AKAP fragments document the 
importance of the Ile338 and Thr343 contacts for CaN-AKAP79 binding in solution, and 
support the structural model presented here as the basis for CaN-AKAP79 binding. 
Comparison of CaN binding to the 14mer peptide and to AKAP79 (333–408) (Figures 
2.2c and 2.4b) suggests a small additional energetic contribution from AKAP79 residues 
outside the IAIIIT site, but the essential interaction is with the core anchoring site. The 
evidence that CaN forms a 1:1 complex with the primary anchoring site does not rule out 
a 2:1 complex of CaN with AKAP79 (Gold et al., 2011) if the complex is stabilized by 
other interactions. The involvement of AKAP79 scaffolding in CaN-NFAT signaling in 




surface to bind AKAP79 adjacent to L-type Ca2+ channels, but the same surface must be 
available to recognize NFAT. The level of CaN in brain is high, ~1% of soluble protein 
(Stemmer and Klee, 1994), translating to a total CaN concentration in the cell cytoplasm 
of ~10 µM. Allowing for CaN bound to partner proteins, a plausible free CaN concentration 
in neurons is in the high hundreds of nanomolar to low micromolar range, in which case 
the majority of AKAP79 sites in neuronal cells will be occupied by CaN at any given time. 
Nevertheless the rapid dissociation of the CaN-AKAP79 peptide complex in vitro indicates 
that the docking surface on CaN is in principle available for efficient interaction with 
NFAT and other cellular substrates (Figure 2.9A). Only AKAP79 proteins with CaN-
scaffold affinities in a relatively narrow window, 0.4-12 µM, were as effective as WT 
AKAP79 in supporting CaN-NFAT signaling (Table 2.1). The impaired signaling seen 
with low-affinity AKAP79 (PIAIIIA) and the loss of signaling with AKAP lacking the 
CaN anchoring site are readily explained by a failure to recruit sufficient CaN to scaffold 
complexes associated with L-type Ca2+ channels (Figure 2.9B). Although the 
intermediate-affinity AKAP79 (PPAIIIA) supports NFAT signaling, it may not be 
biologically interchangeable with WT AKAP79: Nuclear import of NFAT is a relatively 
insensitive measure, which requires an experimental design with a fairly strong Ca2+ signal, 
Table 2.1. Properties of AKAP79 PxIxIT site mutants determined by competition 




and the same strong Ca2+ signal was used for transcriptional assays in order to drive 
measurable transcription with a 3-minute stimulus. The window for NFAT signaling may 
well be narrower at low levels of physiological stimulation.  
Unexpectedly, despite a modestly increased affinity for CaN, AKAP79 with the 
PPAIIIT sequence impaired NFAT signaling rather than further promoting it. A partial 
explanation is that the higher affinity decreased the release of active CaN from AKAP79 
into the cytoplasm (Figure 2.9C). Similarly, the PRIEIT>PRIEIA substitution in NFAT1 
causes only a 10-fold shift in Kd but eliminates CaN-NFAT signaling in T cells (Aramburu 
et al., 1998). Indeed, simplified mathematical models predict a very sharp dependence of 
NFAT activation on CaN activity (Salazar and Höfer, 2003). Nevertheless, the fact that the 
2- to 4-fold shifts in CaN-AKAP79 affinity and dissociation rate produced by the Ile338Pro 
substitution are associated with a complete loss of CaN-NFAT signaling suggests that a 
second process may be involved. 
The FRAP experiments provide a strong indication of the nature of this second 
process. An increased fraction of CaN is immobilized by binding to AKAP79 with the 
PPAIIIT anchoring site, and this measure may in fact understate the sequestration of CaN 
by altered AKAP, because over half of the AKAP79 in the dendritic spines is itself mobile 
on the time scale examined. Thus we consider it likely that the decreased release of active 
CaN into the cytoplasm is compounded by CaN binding to “decoy” AKAP79 sites at the 
L-type Ca2+ channel and elsewhere, which act in competition with the NFAT substrate 
(Figure 2.9). A parallel situation has been observed in yeast, where the engineered high-
affinity substrate Crz1 (PVIVIT) diverts CaN from other substrates whose 




Our FRAP experiments indicate that a fraction of CaN in hippocampal neurons is 
immobilized by AKAP79 on a considerably longer time scale than that required for 
dissociation of CaN–AKAP complexes in vitro. These results imply that at least some CaN-
AKAP complexes are stabilized by additional interactions in cells, such as interactions 
through a subsidiary CaN-binding site in AKAP (Gold et al., 2011), interactions with other 
proteins known to associate with AKAP79, and tethering of CaNB to the cell membrane 
through its myristoyl modification. If CaN is held by additional interactions, the correlate 
in cells of the complete dissociation of the CaN–AKAP79 complex observed might be a 
"breathing" of the CaN-IAIIIT contact that exposes the PxIxIT-binding surface of CaN but 
does not result in vitro in full dissociation of the assembled protein complex. 
In summary, the conserved IAIIIT anchoring sequence of AKAP79 provides a 
high-affinity binding site to recruit CaN to the vicinity of the L-type Ca2+ channel, where 
CaN can be activated by Ca2+ influx, while at the same time preserving a dynamic 
interaction that permits sufficient unbinding to allow active CaN to recognize NFAT. We 
speculate that the binding affinity has been finely tuned during evolution by these 
competing requirements, perhaps leaving the interaction poised at the single affinity that 
maintains CaN-substrate communication across the range of physiological signal strengths. 
The more general conclusion is that a third element, the precise strength of docking 
interactions, must be included in the description of intracellular signaling networks, in 
addition to the connectivity of the signaling networks determined by scaffold proteins and 




Figure 2.9. Model for the effects of altered calcineurin-AKAP79 anchoring 
interactions. A) With wild-type AKAP79, most CaN-anchoring sites at the L-type Ca2+ 
channel are occupied. Both inactive and active CaN are continually released from the 
scaffold sites and replaced, so that any activated CaN rapidly become available to interact 
with NFAT. Release of inactive calcineurin is not depicted. B) Low-affinity anchoring sites 
are partially occupied. CaN release from the scaffold sites is efficient, but only occupied 
sites contribute active calcineurin at any instant in time, and thus the rate of release of 
active CaN is reduced compared to wild-type AKAP79. C) High-affinity anchoring sites 
are fully occupied. The rate of release of calcineurin is somewhat reduced and, at any given 
time, a larger fraction of the active calcineurin is in complex with other AKAP79 scaffold 




al., 2011; Wong and Scott, 2004; Zeke et al., 2009). Our experiments illustrate the precise 
tailoring of CaN-scaffold docking affinity to the requirements of signaling in hippocampal 
neurons, and suggest that a similar matching of affinity to signaling may occur in other 
























AKAP-ANCHORED PKA MAINTAINS NEURONAL L-TYPE Ca2+ CHANNEL 
ACTIVITY AND NFAT TRANSCRIPTIONAL SIGNALING2 
 
Introduction 
Of particular interest here, postsynaptic LTCCs serve a privileged role in coupling 
neuronal excitation to changes in gene expression. This coupling occurs by initiating Ca2+-
dependent kinase and phosphatase signaling pathways that activate transcription factors, 
including the NFATc1-4 family (Bading et al., 1993; Dolmetsch et al., 2001; Graef et al., 
1999; Mermelstein et al., 2000; Murphy et al., 1991; Oliveria et al., 2007; Ulrich et al., 
2012). It is well established that long-lasting forms of synaptic plasticity underlying 
learning and memory require gene transcription and protein synthesis (Greer and 
Greenberg, 2008; Kelleher et al., 2004). Moreover, CaV1.2 LTCC excitation-transcription 
coupling is necessary for important forms of long-term synaptic potentiation and learning 
and memory mediated by the hippocampus and other brain regions (Grover and Teyler, 
1990; Langwieser et al., 2010; Moosmang et al., 2005). In keeping with these important 
neuronal functions, polymorphisms in the gene encoding CaV1.2 are linked to multiple 
neuropsychiatric disorders (Smoller, J.W., 2013). Thus, it is important to understand how 
neuronal LTCC activity and downstream signaling to the nucleus are regulated. It is now 
recognized that the rate and spatial precision of phosphorylation and dephosphorylation 
reactions in cells are constrained through the anchoring of kinases and phosphatases near 
                                                          
2 This chapter has been modified with permission from Murphy, J.G., Sanderson, J.L., Gorski, J.A., Scorr, 
J.D., Catterall, W.A., Sather, W.A., Dell’Acqua, M.L. AKAP-anchored PKA maintains neuronal L-type 




their targets by scaffold proteins (Wong and Scott, 2004). In particular, subcellular 
targeting by AKAP79/150 of the kinase PKA, phosphatase CaN (also known as PP2B and 
PPP3), and other enzymes, promotes highly localized signaling events at the postsynaptic 
membrane of neuronal dendritic spines (note: AKAP150 is the rodent orthologue of human 
AKAP79) (Sanderson and Dell’Acqua, 2011). Importantly, AKAP79/150, PKA, CaN, and 
CaV1.2 exhibit an enrichment and co-localization in dendritic spines of hippocampal 
neurons (Di Biase et al., 2008; Gomez et al., 2002; Hell et al., 1996). Neuronal membrane 
depolarization initiates NFAT signaling by triggering Ca2+ influx through LTCCs to 
activate calmodulin (CaM) molecules tethered to the intracellular C-terminal domain of the 
channel (Peterson et al., 1999; Zühlke et al., 1999). Ca2+-CaM promotes rapid activation 
of CaN, which is recruited to the LTCC through AKAP79/150 anchoring (Oliveria et al., 
2007, 2012; Zhang and Shapiro, 2012). Organization of the LTCC-AKAP-CaN 
macromolecular complex at the plasma membrane arises in part through additional 
interaction of modified leucine zipper (LZ) motifs on AKAP79/150 and the C-terminal tail 
of CaV1.2 (Hulme et al., 2003; Oliveria et al., 2007). Upon dissociation from the AKAP, 
Ca2+-CaM-CaN dephosphorylates NFAT to expose nuclear localization sequences (NLS), 
facilitating NFAT translocation from the cytoplasm to the nucleus, where it binds to 
promoter DNA elements and controls transcription (Hogan et al., 2003; Li et al., 2012). In 
addition to CaN, AKAP79/150 anchors PKA near the LTCC to promote phosphorylation-
mediated enhancement of channel activity that is opposed by CaN dephosphorylation, 
likely through modification of serine residues in the CaV1.2 C-terminus (Fuller et al., 2010; 
Gao et al., 1997; Hall et al., 2007; De Jongh et al., 1996; Oliveria et al., 2007, 2012). Thus, 




activity and a positive downstream transducer of LTCC Ca2+ signaling to NFAT. 
Modulation of LTCC activity by PKA has primarily been studied in the context of -
adrenergic enhancement of channel currents in the heart resulting from cAMP elevations 
during the fight-or-flight response (Catterall, 2011). However, basal PKA activity could 
also play important regulatory roles in the context of AKAP-anchored complexes, where 
PKA catalytic subunits have intimate access to substrate proteins even in the absence of 
cAMP stimulation, but surprisingly, the role of AKAP79/150-anchored PKA in controlling 
basal LTCC phosphorylation and signaling activity has not been directly investigated. Here 
and in a companion paper (Dittmer et al., 2014) we provide evidence that maintenance of 
basal LTCC phosphorylation and function in hippocampal neurons critically depends on 
AKAP79/150-anchored PKA opposing anchored CaN activity. Importantly, we also 
demonstrate a novel requirement for AKAP79/150-PKA anchoring in promoting effective 
neuronal LTCC coupling to CaN-NFAT signaling. Thus, LTCC-NFAT signaling in 
neurons requires precise organization and a proper balance of PKA and CaN activities in 
the L-channel nano-environment, which is made possible by AKAP79/150 scaffolding.  
 
Results 
Characterization of a novel PKA-anchoring deficient AKAP150PKA mouse 
model. For this study we developed an AKAP150 mouse model that allows us to 
discriminate the functions of AKAP150-PKA anchoring. The AKAP150 knockout mouse 
model, though useful, lacks utility for clearly determining the contribution of PKA in the 
context of a multivalent scaffold that also interacts with many other signaling enzymes, 




developed AKAP150D36 knock-in mouse, with a 36 amino acid C-terminal truncation, 
although unable to anchor PKA (Lu et al., 2007), also lacks the AKAP modified LZ domain 
that interacts with CaV1.2 (Oliveria et al., 2007). Therefore we engineered a targeted 
internal deletion in the Akap5 gene to create an exclusively PKA-anchoring deficient 
AKAP150PKA knock-in mouse, which retains the C-terminal LZ domain. Specifically, 
the Akap5PKA targeting vector deleted 30 bp encoding residues 709-718 within the 
amphipathic -helical domain that anchors the PKA-RII regulatory subunit dimer and also 
inserted a C-terminal myc epitope tag after the LZ domain (Figure 3.1A and B). 
Importantly, the AKAP150PKA deletion leaves intact all other AKAP structural domains 
including those for CaN anchoring, adenylyl cyclase (AC) binding, and membrane 
targeting (Figure 3.1B) (Sanderson and Dell’Acqua, 2011). The presence of the targeted 
Akap5PKA allele in heterozygous and homozygous AKAP150ΔPKA mice was 
confirmed by PCR-based genotyping compared to wild-type (WT) (Figure 3.1C). 
Expression of AKAP150ΔPKA protein in homozygous mice was confirmed by 
immunoblotting to detect the engineered C-terminal myc tag (Figure 3.1D), and anti-
AKAP150 immunoblotting showed that AKAP150 ΔPKA and WT proteins were 
expressed at equal level in hippocampal extracts (Figure 3.1D and E). Importantly, 
immunoprecipitation revealed loss of PKA-RII regulatory and PKA-C catalytic subunits 
from the AKAP complex for 150ΔPKA extracts, as also seen in controls using extracts 
prepared from AKAP150 -/- knockout mice (KO) (Figure 3.1D,E). As expected, 
immunoprecipitation of the CaNA catalytic subunit with AKAP150 was maintained for the 




Figure 3.1. Characterization of PKA-anchoring deficient AKAP150PKA mice. 
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Figure 3.1. Characterization of PKA-anchoring deficient AKAP150PKA mice. (A) 
Diagram depicting the mouse Akap5 gene encoding the AKAP150 WT allele (top), the 
targeting construct containing the PKA mutation (middle), and the targeted PKA allele 
(bottom). The single AKAP150 coding exon is represented by the black box. The red 
rectangle indicates the 30 bp encoding the 10 amino acids of the ΔPKA deletion, yellow 
rectangle indicates the in-frame insertion of a c-myc epitope tag at the AKAP150 C-
terminus, and green triangles indicate loxP sites flanking the neomycin resistance cassette 
in the 3’ genomic DNA. B) Diagram of AKAP150 protein primary structure indicating 
removal of 709-LLIETASSLV-718to selectively disrupt PKA-RII anchoring. C) PCR-
based genotyping of WT and heterozygous and homozygous AKAP150ΔPKA littermate 
mice. D) Detection of AKAP150ΔPKA protein in whole-cell hippocampal extracts from 
homozygous mice by anti-myc and anti-AKAP150immunoblotting (IB). E) The 
AKAP150ΔPKA mutation or AKAP150 KO (-/-) eliminates anti-AKAP150 co-
immunoprecipitation (IP) of PKA-RII and C subunits but not CaNA. Ext = whole-cell 
hippocampal extract. IgG = IP with non-immune immunoglobulin. F) HEK293 cells 
cotransfected with AKAP79 WT or PKA-CFP (magenta) and PKA RII-YFP subunits 
(green). Co-localization appears white in the merged panel. G and H) tsA-201 cells co-
transfected with C or N-terminally tagged CaV1.2-YFP (FRET acceptor, green) and WT 
or PKA AKAP79-CFP (FRET donor, blue). Corrected FRET (FRETc) shown in 
pseudocolor gated to CFP. I and J) Quantification of apparent FRET efficiency measured 
between CaV1.2-YFP and WT or PKAAKAP79-CFP. Data expressed as mean ± SEM. 




also developed an analogous PKA mutant by removal of amino acids 391-400 of the 
human orthologue AKAP79 (Figure 3.1B). Transfection of fluorescently tagged 
AKAP79WT-CFP with PKA-RII-YFP into HEK293 cells resulted in distinct AKAP-RII 
co-localization at the plasma membrane (Figure 3.1F). In contrast, cells expressing 
AKAP79PKA-CFP exhibited normal membrane localization of AKAP79PKA but a 
clear loss of PKA-RII-YFP membrane association (Figure 3.1F). To confirm that the 
PKA mutation does not disrupt the C-terminal LZ interaction with the LTCC, we 
cotransfected either AKAP79 WT or PKA-CFP with N or C-terminally YFP-tagged 
CaV1.2 and measured membrane associated Förster Resonance Energy Transfer (FRET) in 
living tsA201 cells as in our previous work characterizing the AKAP-CaV1.2 LZ 
interaction (Oliveria et al., 2007). Importantly, 79PKA exhibited levels of FRET 
comparable to 79WT with both the C- and N-termini of CaV1.2 (Figure 3.1G-J). 
AKAP79/150 anchoring localizes PKA and CaN to neuronal dendritic spines. 
We previously demonstrated that AKAP79 regulates PKA localization in dendritic spines 
by overexpressing a truncated AKAP79 (1-360) construct similar to the AKAP150D36 
mouse mutation (Lu et al., 2007; Smith et al., 2006b). To address whether the more precise 
AKAPPKA mutation impacts PKA spine targeting, we co-transfected rat hippocampal 
neurons with PKARII-CFP and CaNA-YFP and either AKAP79 WT or PKA tagged 
with mCherry (mCh) in conjunction with a previously characterized short, hairpin 
interfering RNA (shRNAi) to suppress endogenous AKAP150 expression (Hoshi et al., 
2005; Oliveria et al., 2007). As expected, AKAP79WT-mCh displayed prominent 
localization in spines (Figure 3.2A) with quantification of spine/dendrite shaft 




Figure 3.2. AKAP79/150 anchoring regulates CaN and PKA localization to dendritic 
spines. A) AKAP79 WT, PIX and PKA-mCh localization in maximum intensity 
projection images of rat hippocampal neurons. (B) Quantification of AKAP79-mCh WT 
and mutant dendritic spine localization as a spine/dendrite shaft fluorescence intensity 
ratio. (C) AKAP79PKA causes a loss of PKA-RIICFP from spines relative to 79WT 
and 79PIX. (D) Quantification of PKARII-CFP spine/shaft ratios in neurons expressing 
WT or mutant AKAPs. (E) AKAP79PIX reduces spine localization of CaNA-YFP 
relative to WT and 79PKA. (F) Quantification of CaNA-YFP spine/shaft ratios in 
neurons expressing WT or mutant AKAPs. (G) Merged images of AKAP79-mCh, PKA-
RII-CFP, and CaNA-YFP in WT and mutant AKAP expressing neurons. Arrowheads 
indicate representative spines. Data expressed as mean ± SEM (*p<0.05, **p<0.01 by 




RII-CFP (Figure 3.2C) and CaNA-YFP (Figure 3.2E) exhibited co-localization in spines 
with 79WT-mCh (Figure 3.2G); however, while CaNA showed similar spine/shaft 
enrichment as AKAP79 (Figure 3.2F), PKA-RII was more evenly distributed between 
spines and the dendrite shaft with somewhat greater shaft localization (Figure 3.2F). 
AKAP79PKA-mCh showed spine enrichment similar to 79WT (Figure 3.2A and B) but 
caused a loss of PKA-RII from spines (Figure 3.2C and D). Importantly, CaNA spine 
localization was unaffected by 79PKA (Figure 3.2E and F). In contrast, an 
AKAP79PIX mutant deleting the PxIxIT-like CaN anchoring motif (Li et al., 2012; 
Figure 3.3. AKAP150 anchoring regulates PKA localization to dendritic spines. A) 
Projection images of dendrite segments stained for AKAP150 (green) and PKA-RII (red) 
for neurons from AKAP150 WT or PKA knock-in mice showing reduced PKA-RII 
localization in spines for AKAP150PKA. B) Quantification of PKA-RII spine 
localization as a spine/dendrite shaft fluorescence intensity ratio for AKAP150 WT or 
PKA knock-in mouse neurons. C) Quantification of AKAP150 spine localization in 
AKAP150 WT or PKA knock-in mouse neurons. Data expressed as mean ± SEM 




Oliveria et al., 2007) reduced CaN spine enrichment with no impact on PKA-RII 
localization (Figure 3.2E and F). Additionally, staining of endogenous AKAP150 and 
PKA-RII in WT mouse neurons revealed spine enrichment of AKAP150 (Figure 3.3A 
and C) comparable to that observed for AKAP79 (Figure 3.2A and B) and spine 
enrichment of endogenous PKA-RII(Figure 3.3A and B) even greater than that of 
overexpressed PKA-RII-CFP (Figure 3.2C and D), which is likely in excess of the 
number of available AKAP79/150 anchoring sites in spines as previously shown (Smith et 
al., 2006b). In contrast, quantification of PKA-RII staining in AKAP150PKA neurons 
revealed a nearly complete loss of PKA-RII spine localization (Figure 3.3A and B). 
Therefore, we conclude that AKAP79/150 targets both PKA and CaN to dendritic spines 
through their respective, defined anchoring sites. 
AKAP79/150 anchoring of both PKA and CaN is required for NFAT 
translocation to the neuronal nucleus. As mentioned above, we previously described the 
importance of AKAP-CaN anchoring in mediating activation of NFAT by Ca2+-CaN 
signaling initiated in the LTCC nano-domain (Li et al., 2012; Oliveria et al., 2007). To 
address the role of AKAP79/150-anchored PKA in NFAT signaling, we first transfected 
WT mouse hippocampal neurons with NFATc3-GFP and induced nuclear translocation 
using a high K+ depolarization protocol that effectively activates LTCC excitation-
transcription coupling (Graef et al., 1999; Oliveria et al., 2007; Wheeler et al., 2012) 
(Figure 3.4A). As expected from previous work on NFAT in rat neurons (Graef et al., 
1999; Oliveria et al., 2007; Ulrich et al., 2012), NFATc3-GFP accumulated densely in the 
nucleus 10 min after brief K+ depolarization (Figure 3.4A,B) and then returned to the 




Figure 3.4. AKAP79/150 anchoring of both CaN and PKA regulates depolarization 
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Figure 3.4. AKAP79/150 anchoring of both CaN and PKA regulates depolarization 
triggered NFAT movement to the nucleus in hippocampal neurons. A) Schematic of 
the high K+ depolarization protocol (left) and quantification of NFATc3-GFP localization 
in the cytoplasm relative to the nucleus (nucleus/cytoplasm ratio) at the indicated times in 
control mouse hippocampal neurons (right). B) Summed intensity projection images of 
NFATc3-GFP (green) and nuclei (DAPI, blue) in WT mouse hippocampal neurons under 
nonstimulated (NS) conditions and 10 min after high K+ stimulation in DMSO (Vehicle) 
or nimodipine (Nim). C) Quantification of NFATc3-GFP translocation to nucleus 10 min 
after high K+ stimulation measured as the fold-change in intrinsic GFP fluorescence 
nucleus/cytoplasm ratio relative to NS conditions. D) Images of NFATc3-GFP (anti-GFP; 
green) and nuclei (DAPI, blue) under NS conditions and 10 min after high K+ stimulation 
in rat neurons transfected with pSilencer empty vector (Control) or AKAP150 RNAi plus 
mCh alone, AKAP79-mCh WT, PIX, or PKA as indicated (mCh images not shown). E) 
Quantification of fold-change in NFATc3-30 GFP immunostaining nucleus/cytoplasm 
ratio 10 min after high K+ stimulation relative to NS conditions. F) Hippocampal neurons 
from WT, AKAP150 KO, PIX, or PKA mice immunostained for NFATc3-GFP (green) 
and nuclei (DAPI, blue) under NS conditions and 10 min after a high K+ stimulation. G) 
Quantification of NFATc3-GFP nucleus/cytoplasm ratio for mouse neurons from panel 
“F” performed as in panel “E”. Data expressed as mean ± SEM (**p<0.01, ***p<0.001; 




dihydropyridine LTCC antagonist nimodipine, thus confirming the importance of LTCC 
Ca2+ entry in activation of the CaN-NFAT pathway (Figure 3.4B and C). Acute shRNAi-
mediated knockdown of AKAP150 in rat neurons (Figure 3.4D and E) or genetic deletion 
of AKAP150 in mouse neurons (AKAP150 KO mice; Figure 3.4F and G) also strongly 
impaired K+-stimulated NFATc3-GFP movement into the nucleus. Importantly, the effects 
of 150RNAi on NFATc3 were rescued by co-transfection of AKAP79 WT but not by the 
PIX mutant (Figure 3.4D and E). Neurons cultured from CaN-anchoring deficient 
AKAP150PIX knock-in mice (Sanderson et al., 2012) also showed attenuated NFATc3 
accumulation in the nucleus (Figure 3.4F and G). This finding using NFATc3-GFP is 
consistent with previous work demonstrating a requirement for AKAP79/150-CaN 
anchoring in LTCC activation of endogenous NFATc4 (Li et al., 2012; Oliveria et al., 
2007). The interaction of PKA with multiple signaling targets makes it difficult to predict 
a specific role for AKAP79/150-anchored PKA in regulation of LTCC-NFAT signaling: 
PKA could act as a positive regulator of the upstream Ca2+ signal through LTCC 
phosphorylation and/or as a negative regulator of downstream nuclear import through 
NFAT phosphorylation Previous studies showed that global inhibition of PKA activity 
increases NFAT nuclear accumulation in neurons and other cells (Belfield et al., 2006; 
Oliveria et al., 2007; Sheridan et al., 2002). However, anchoring of PKA to AKAP79/150 
in the LTCC complex could favor one of these mechanisms. Indeed, in rat neurons 
expressing 150RNAi plus AKAP79PKA (Figure 3.4D and E) and in neurons from 
AKAP150PKA knock-in mice (Figure 3.4F and G), we found that K+-stimulated 




previously observed with global PKA inhibition. In addition, we stimulated NFAT 
translocation by application of the dihydropyridine agonist BayK 8644 to promote LTCC 
activation during spontaneous neuronal firing: NFATc3-GFP nucleus/cytoplasm 
fluorescence increased ~22 fold in AKAP150 WT neurons compared to ~3 fold in PIX 
and ~5 fold in PKA knock-in neuron (Figure 3.5A and B). Thus, disruption of either 
Figure 3.5. AKAP79/150 anchoring of both CaN and PKA regulates NFAT 
movement to the nucleus in response to L-type Ca2+ channel opening driven by 
spontaneous neuronal activity. A) Summed intensity projection images of NFATc3-
GFP (green) and nuclei (DAPI, blue) in AKAP150 WT, AKAP150PIX, and 
AKAP150PKA mouse hippocampal neurons 10 min after TTX washout in the presence 
of BayK 8644 (BayK) to promote or nimodipine (Nim) to block LTCC activity. B) 
Quantification of NFATc3-GFP translocation to nucleus 10 min after TTX washout 
measured as the fold-change in GFP fluorescence nucleus/cytoplasm ratio relative to non-
stimulated conditions with no TTX washout (images not shown). Data expressed as mean 
± SEM (*p<0.05, **p<0.01 compared to the corresponding Nim condition for that 
genotype by Student’s t-test; #p<0.05, ##p<0.01 compared to AKAP150 WT BayK 
stimulation by ANOVA with Bonferroni’s Multiple Comparison Test; n = 5-12). Scale 




Figure 3.6. AKAP79/150 anchoring of both CaN and PKA is required for 
depolarization triggered NFAT translocation from dendritic spines. 
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PKA or CaN anchoring to AKAP150, even in the presence of an LTCC agonist, greatly Figure 3.6. AKAP79/150 anchoring of both CaN and PKA is required for
depolarization triggered NFAT translocation from dendritic spines. 
A,B) Summed intensity projection images of control WT hippocampal neuron dendrites 
visualized by immunostaining of mCh (white) and overlaid by NFATc3-GFP 
immunostaining in pseudocolor with a relative scale from blue (low intensity) to red (high 
intensity). Images represent A) non-stimulated conditions and B) 10 min after high K+ 
stimulation. C) Quantification of mCh and NFATc3-GFP spine/dendrite shaft fluorescence 
ratios under basal conditions, D) following high K+ stimulation, and E) change from 
baseline for conditions where AKAP79/150 expression and anchoring is altered as 
indicated. Data expressed as mean ± SEM. (*p<0.05, **p<0.01, and ***p<0.001 by paired 





reduced NFAT activation. These results indicate that, when anchored by AKAP79/150, 
PKA acts only as a positive regulator of NFAT signaling.
AKAP79/150 anchoring of PKA and CaN is required for NFAT translocation 
out of dendritic spines. We next considered the possibility that NFAT may initially be 
localized near the LTCC-AKAP complex, within postsynaptic spines, and then depart 
spines in response to LTCC activation. To address this possibility we measured the basal 
level of NFATc3 localization in spines. Not only did we observe NFATc3-GFP in spines, 
but we also observed a marked spine/shaft enrichment of NFATc3-GFP relative to 
cytoplasmic mCh, which was equally distributed between spines and dendrite shafts. 
(Figure 3.6A-C). Interestingly, 10 min after K+ stimulation of control neurons, we 
measured a significant decrease in the spine/dendrite ratio for NFATc3-GFP but mCh 
distribution was unchanged (Figure 3.6B and D). AKAP150 shRNAi knockdown 
prevented NFATc3 movement from spines, and this translocation defect was restored by 
coexpression of AKAP79 WT but not PIX or PKA (Figure 3.6E). Thus, during the time 
frame that NFAT translocates to the nucleus (Figure 3.6A), NFAT also translocates out of 
dendritic spines, and both of these events depend on AKAP-anchored PKA and CaN. These 
findings are consistent with a significant fraction of NFAT that reaches the nucleus having 
originated in spines where activating signals provided by the AKAP-LTCC complex are 
localized. 
AKAP79/150 anchoring of CaN and PKA is required for NFAT-dependent 
transcription. To address whether NFAT-dependent transcription is also defective in the 
absence of AKAP-PKA anchoring, we expressed a previously characterized 




the amount of CFP fluorescence sequestered in the nucleus following K+ stimulation 
(Figure 3.7A-C). Control rat neurons showed significantly higher nuclear CFP 
fluorescence 16 hrs. post-stimulation, and AKAP150shRNAi blocked this increase (Figure 
3.7C and D). As seen for NFAT translocation, co-expression of AKAP79 PIX or PKA 
with AKAP150 shRNAi failed to rescue the transcriptional deficit, while 79WT restored 
transcriptional activation to control levels (Figure 3.7C and D). Additionally, using a 
luciferase reporter of NFAT activity, we found transcriptional deficits in AKAP150 PIX 
or PKAknock-in mouse neurons: at both 2 and 6 hrs. after high K+ depolarization, we 
observed a 4 to 5-fold increase in 3xNFAT/AP1-luciferase activity in WT neurons that was 
almost completely absent in neurons from AKAP150 PIX and PKA mice (Figure 3.7E 
and F). 
AKAP79/150 anchored CaN and PKA control basal phosphorylation of 
CaV1.2. Taken together, our findings above show that AKAP79/150 anchoring of PKA 
and CaN are equally important for NFAT signaling, suggesting that the main function of 
anchored PKA in NFAT signaling may be as a positive regulator in phosphorylation 
mediated control of LTCC function. Thus, for the AKAPPKA mutation we hypothesized 
that LTCC hypo-phosphorylation may occur due to absence of anchored PKA in the 
channel nano-domain. To test this hypothesis, we immunoblotted extracts from AKAP150 
WT, PKA, PIX, and KO hippocampal neurons to measure the amount of basal 
phosphorylation at two CaV1.2 Ser residues, S1700 and S1928, previously implicated in 
PKA regulation of LTCC function (Fuller et al., 2010; Gao et al., 1997; De Jongh et al., 
1996; Oliveria et al., 2007). In AKAP150PKA neurons, both S1700 and S1928 were 









Figure 3.7. AKAP79/150 anchoring of both CaN and PKA is necessary for NFAT-
dependent transcription A) Modified high K+ stimulation protocol for stimulation of 
NFAT-dependent transcription. B) Diagram of the 3xNFAT/AP1-CFPnls transcriptional 
reporter construct used for single-cell imaging of NFAT-dependent transcription. C) 
Summed intensity projection images of neuronal cell bodies and proximal dendrites in NS 
conditions and 16 hrs. after high K+ stimulation (KCl).Neurons were transfected with the 
3xNFAT/AP1-CFPnls reporter along with pSilencer empty vector (Control) or 150RNAi 
plus YFP or the indicated AKAP79-YFP constructs. YFP fluorescence is in white and 
nuclear-localized CFP fluorescence is in pseudocolor. D) Quantification of the fold-
change in nuclear fluorescence of the 3xNFAT-AP1-CFPnls reporter following high K+ 
stimulation for the indicated conditions. E) Diagram of the pGL3NFAT plasmid that 
drives NFAT-dependent transcription of firefly luciferase and the internal transfection 
control plasmid pRLSV40 driving constitutive transcription of Renilla luciferase. F) 
Quantification of NFAT-dependent transcription as normalized luciferase activity 
measured from lysates of WT and AKAP150 mutant mouse neurons. Data expressed as 
mean ± SEM. (*p<0.05, **, ##p<0.01, and ***p<0.001 by ANOVA with Dunnett’s post-




AKAP150PIX mouse neurons showed equal levels of phosphorylation at S1700 and 
enhanced phosphorylation at S1928 (Figure 3.8A-C). Interestingly, in AKAP150 KO 
neurons S1700 phosphorylation was reduced but S1928 phosphorylation was not different 
from WT (Figure 3.8A-C). Overall, these findings suggest that AKAP79/150-anchored 
PKA maintains phosphorylation of S1700 in opposition to other phosphatases in addition 
to anchored CaN, while phosphorylation of S1928 is more tightly balanced by the opposed 
activities of AKAP79/150-anchored PKA and CaN. However, in AKAP150 KO neurons, 
where both PKA and CaN anchoring are disrupted, other pools of PKA or even other 
kinases, such as PKC (Yang et al., 2005), may support basal S1928 phosphorylation. 
Neuronal LTCC Ca2+ influx is inhibited by loss of AKAP79/150-PKA 
anchoring. Our observations that AKAP79/150-PKA anchoring maintains basal CaV1.2 
phosphorylation, led us to investigate whether disruption of PKA anchoring also attenuates 
LTCC Ca2+ signals in hippocampal neurons. To measure Ca2+ signals, we carried out 
imaging in neurons transfected with the genetically-encoded fluorescent Ca2+ indicator R-
GECO1 (Zhao et al., 2011). We used the antagonist nimodipine to pharmacologically block 
the LTCC component of the Ca2+ signal evoked by K+ depolarization, and determined 
whether this component was altered under conditions of disrupted AKAP79/150 
anchoring. When measured at the junction of the apical dendrite with the cell soma, a single 
30 s high K+ perfusion elicited an ~4-fold increase in RGECO-1 fluorescence that rapidly 
returned to baseline in control rat neurons (Figure 3.9A-D). In the presence of 10 M 
nimodipine, this K+-stimulated Ca2+ increase was reduced ~50% (Figure 3.9D). This ~50% 





Figure 3.8. Anchoring of both CaN and PKA to AKAP79/150 regulates basal 
phosphorylation of CaV1.2. A) Representative immunoblots of pS1700, pS1928, and total 
CaV1.2 and from the indicated cultured mouse hippocampal neuron extracts. (B) Quantification 
of CaV1.2 pS1928 over total CaV1.2 band intensity and normalized to WT. (C) Quantification 
of CaV1.2 pS1700 over total CaV1.2 band intensity and normalized to WT. Data represented as 




Figure 3.9. LTCC Ca2+ signals are reduced in the absence of AKAP79/150-PKA 
anchoring. 
A 30 sec. B 
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Figure 3.9. LTCC Ca2+ signals are reduced in the absence of AKAP79/150-PKA 
anchoring. A) Diagram of the high K+ depolarization protocol to trigger LTCC Ca2+ 
influx. B) Time-course of RGECO-1 Ca2+-indicator fluorescence change, shown in 
pseudocolor, in response to K+ depolarization in control rat neurons. C) Representative 
live-cell images of rat hippocampal neurons expressing RGECO-1 (red) overlaid with 
YFP or AKAP79WT-YFP (green) prior to Ca2+ imaging. D-F) Time-course (left panel) 
and quantification of area under the curve (right panel) for mean RGECO-1 fluorescence 
change over time in response to K+ depolarization in rat neurons for the indicated 
conditions (Control = pSilencer empty vector). G) Representative live cell images of WT 
and AKAP150 mutant mouse hippocampal neurons expressing RGECO-1 (red) overlaid 
with YFP (green) prior to Ca2+ imaging. H-K) Time courses (left panel) and 
quantification of integrated area under the response curve (right panel) for mean 
RGECO-1 fluorescence change over time in response to K+ stimulation for WT and 
AKAP150 mutant mouse neurons. Data expressed as mean ± SEM. (**p<0.01, 




observed in previous studies (20-30%) using antidromic electrical stimulation, current 
recording, and Fura-2 Ca2+ imaging (Christie et al., 1995; Hoogland and Saggau, 2004; 
Mermelstein et al., 2000; Regehr and Tank, 1992), consistent with K+ depolarization 
leading to additional activation of postsynaptic glutamate receptors and Ca2+- induced store 
release that can act both upstream and downstream to shape and amplify the LTCC 
contribution to the overall Ca2+ signal. Importantly, following shRNAi knockdown of 
endogenous AKAP150 in rat neurons, the nimodipine-sensitive component of the Ca2+ 
signal was essentially eliminated (Figure 3.9E) but could be rescued by co-expression of 
human AKAP79WT-YFP (Figure 3.9F). The LTCC Ca2+ component in WT mouse 
neurons was nearly identical to that of control rat neurons with ~50% of the Ca2+ signal 
attributable to the LTCC (Figure 3.9H). AKAP150 KO mouse neurons exhibited no 
measureable LTCC component and displayed a reduced overall Ca2+ signal (Figure 3.9I) 
that was nearly identical to the reduction seen in AKAP150 shRNAi-expressing rat neurons 
(Figure 3.9E). In contrast, the LTCC component in AKAP150PIX mouse neurons was 
maintained at a level similar to in WT neurons (Figure 3.9J), suggesting that loss of CaN 
anchoring, and the resulting increased basal S1928 phosphorylation (Figure 3.8), afforded 
no additional enhancement of LTCC function, at least in response to K+ stimulation. 
However, AKAP150PKA mouse neurons, like AKAP150 KO neurons, showed a clear 
loss of the LTCC component (Figure 3.9K). To confirm this large decrease in LTCC Ca2+ 
signaling in PKA neurons, we performed additional imaging (Figure 3.10) using 
GCaMP6F, a Ca2+ indicator with even faster kinetics and higher sensitivity than RGECO-
1 (Chen et al., 2013). In agreement with findings above, in AKAP150 shRNAi rat neurons 




GCaMP6F Ca2+ signal (Figure 3.10A-D), but in neurons rescued with AKAP79PKA-
mCh the total Ca2+ signal was already strongly reduced and nimodipine sensitivity was 
absent (Figure 3.10C,D). Using electrophysiological whole-cell recording, our companion 
Figure 3.10. LTCC Ca2+ signals imaged with GCaMP6f are reduced in the absence of 
AKAP79/150-PKA anchoring. A) Diagram of the high K+ depolarization protocol to 
trigger LTCC Ca2+ influx. B) Time-course of GCaMP6F Ca2+-indicator fluorescence 
change, shown in pseudocolor, in response to K+ depolarization in rat hippocampal neurons 
coexpressing AKAP150 shRNAi and AKAP79WT-mCh. C) Representative live-cell 
images of GCaMP6F (green) overlaid on AKAP79WT-mCh or AKAP79PKA-mCh (red) 
fluorescence prior to Ca2+ imaging in rat neurons also expressing AKAP150 shRNAi. D) 
Time-course (left panel) and quantification of area under the curve (right panel) for mean 
GCaMP6F fluorescence change over time in response to K+ depolarization in rat neurons 
for the indicated conditions. Data expressed as mean ± SEM. (***p<0.001 by Student’s t-




paper (Dittmer et al., 2014) provides complementary evidence that LTCC current density 
in hippocampal neurons decreases when AKAP79/150-PKA signaling is disrupted. Thus, 
overall, our results indicate that loss of AKAP79/150-PKA anchoring leads to reduced 
basal LTCC phosphorylation and reduced depolarization-evoked Ca2+ influx that is 
insufficient to initiate effective CaN-NFAT signaling. 
 
Discussion 
Our analysis of the AKAP79/150 PKA mutant reveals that disruption of PKA 
anchoring uncouples downstream LTCC-CaN signaling to NFAT in hippocampal neurons 
as effectively as genetic disruption of CaN anchoring (Figure 3.11). Past and present work 
clearly shows that the phosphatase CaN must be targeted near the LTCC to provide 
efficient and specific activation of NFAT signaling via channel Ca2+ influx (Li et al., 2012; 
Oliveria et al., 2007; Zhang and Shapiro, 2012). Yet sequestering CaN within the LTCC 
nano-domain also promotes a robust phosphatase mediated negative-feedback on PKA-
enhanced channel activity, both through suppression of peak current amplitude and 
promotion of Ca2+-dependent inactivation (CDI) of neuronal LTCCs (Dittmer et al., 2014; 
Oliveria et al., 2007, 2012). Indeed, while previous studies in hippocampal neurons 
demonstrated that LTCC current and Ca2+ influx can be enhanced by activation of cAMP-
PKA signaling (Hoogland and Saggau, 2004; Kavalali et al., 1997), the degree of PKA 
enhancement of LTCC current is constrained by AKAP79/150-anchored CaN activity 
(Oliveria et al., 2007). Here, and in our companion paper (Dittmer et al., 2014), we 
discovered that without co-anchoring of PKA to balance CaN action in the LTCC nano-




becomes dominant, leading to disruption of CDI and depression of Ca2+ influx and in turn 
a downstream Ca2+-CaN signal insufficient to activate NFAT. Thus, overall, the opposing 
activity of PKA ends up working in conjunction with CaN to support NFAT signaling to 
the nucleus. Interestingly, for AKAP79/150PKA neurons, measurements of 
pharmacologically isolated LTCC currents in Dittmer et al. detected an ~40% reduction in 
current density, while imaging experiments here revealed an essentially complete loss of 
LTCC contributions to K+- evoked Ca2+ transients. Due to necessary, inherent differences 
in experimental conditions, it is difficult to make absolute, quantitative comparisons 
between LTCC current measurements and LTCC contributions to global Ca2+ signals 
detected by imaging. For instance, to obtain accurate measurements of cell capacitance 
(proportional to cell size), LTCC current density measurements in Dittmer et al. were 





limited to immature 5 day-old cultured neurons that have not yet developed extensive 
dendritic arbors or spines. Thus, it is entirely possible that LTCC channel activity is 
decreased even more than 40% in the larger, more mature and spiny 12-15 day-old neurons 
we examined by Ca2+ imaging. Regardless of such developmental differences, it would 
also not be surprising if loss of AKAP-PKA anchoring had a much greater impact on the 
total K+-evoked Ca2+ signal than on isolated LTCC currents due to even moderate 
reductions in Ca2+ influx being sufficient to disrupt effective coupling to other downstream 
Ca2+ sources, such as intracellular Ca2+ stores. In any case, multiple lines of evidence show 
that disruption of AKAP79/150-PKA anchoring leads to decreased LTCC Ca2+ signaling 
to CaN-NFAT. 
Importantly, this key discovery that anchored PKA is essential for maintaining 
LTCCNFAT signaling in neurons was only made possible by using genetic approaches that 
specifically disrupt AKAP79/150-PKA anchoring, as earlier studies using less-specific, 
acute pharmacologic treatments that globally inhibit PKA activity or anchoring to all 
AKAPs failed to observe negative impacts on NFAT activation (Belfield et al., 2006; 
Oliveria et al., 2007). As mentioned above, global PKA inhibition has the exact opposite 
effect on NFAT nuclear translocation compared to specific AKAP79/150-PKA anchoring 
disruption; perhaps due to more dominant impacts of inhibiting other pools of PKA that 
directly phosphorylate NFAT. In addition, it is possible that, while acute disruption of PKA 
anchoring with stearated-peptides in previous work prevented further enhancement of 
LTCC function with cAMP stimulation (Oliveria et al., 2007), this manipulation did not 
disrupt PKA signaling in the AKAP79/150 complex completely enough or for a sufficient 




The substantial decreases in LTCC channel function in AKAP150 deficient and PKA 
neurons seen here and in (Dittmer et al., 2014) also indicate that other AKAPs known to 
associate with CaV1.2, such as AKAP15/18 (Akap7 gene) (Hulme et al., 2003) and MAP2 
(Davare et al., 1999), were incapable of compensating for loss of AKAP150. AKAP150 
KO and RNAi likely inhibit LTCC-NFAT signaling due the combined effects of disruption 
of PKA and CaN scaffolding to the channel, thereby decreasing both the upstream Ca2+ 
signal and the efficiency of downstream CaN activation. Decreased LTCC function and 
S1700 phosphorylation in AKAP150 RNAi and KO neurons cannot be due to anchored 
CaN activity unbalanced by anchored PKA activity (as in PKA neurons) because CaN 
anchoring is also absent. Thus, the decreases in LTCC phosphorylation and function seen 
with AKAP150 RNAi and KO may instead be attributed to the known direct associations 
of CaN and PP2A with the CaV1.2 C-terminus (Xu et al., 2010). However, in the context 
of either AKAP150 deficiency or the PIX mutation, these direct PP2A and CaN 
interactions with CaV1.2 were unable on their own to suppress S1928 phosphorylation or 
to support CaN-NFAT signaling. While phosphorylation of S1700 and S1928 in the CaV1.2 
C-terminal domain is implicated in PKA enhancement of LTCC currents, the functional 
roles of these two sites remain unclear. Nonetheless, for our purposes S1700 and S1928 
both served as valuable reporters of PKA and CaN activity in the AKAP-LTCC complex. 
We found that phosphorylation of these sites is correlated with effective signaling from the 
LTCC to the nucleus in neurons and that PKA anchoring to AKAP79/150 is required to 
maintain both phosphorylation and excitation-transcription coupling. Importantly, we also 
observed enhanced basal S1928 phosphorylation in AKAP150PIX mouse neurons, and 




phosphorylation in brains of AKAP150 KO mice (Hall et al., 2007), thereby providing 
additional evidence that AKAP79/150-anchored PKA and CaN mediate bi-directional 
regulation of CaV1.2 phosphorylation in neurons. However, the specific functional roles of 
S1700 and S1928 in neuronal channel regulation await future investigation. Our findings 
that genetic disruption of AKAP150-PKA anchoring strongly suppresses LTCC currents 
(Dittmer et al., 2014) and Ca2+ responses to K+ stimulation is initially surprising, but fits 
well with models first proposed over 25 years ago where L-channels must be 
phosphorylated by PKA to respond normally to membrane depolarization (Armstrong and 
Eckert, 1987). This required maintenance of basal channel phosphorylation could involve 
a combination of both cAMP-dependent and -independent signaling in the AKAP-LTCC 
complex. For example, AKAP79/150 also binds to several AC isoforms, hence there may 
be local cAMP signaling tone that promotes basal PKA activity near the LTCC (Bauman 
et al., 2006; Willoughby et al., 2010). But basal phosphorylation of AKAP-linked 
substrates can also in part be mediated by cAMP-independent PKA activity (Smith et al., 
2013). In any case, our present findings highlight that, in addition to orchestrating 
compartmentalized activation of PKA in response to cAMP elevations, maintenance of 
basal phosphorylation in subcellular nano-domains is another key function of AKAP 
scaffold proteins, especially when an opposing protein phosphatase is also anchored in the 
complex. Notably for neuronal function, this underappreciated aspect of AKAP regulation 
of basal PKA signaling is essential in priming LTCCs for effective excitation-transcription 







AKAP79/150 RECRUITS NFAT TO THE LTCC NANO-DOMAIN 
 
Introduction 
 As previously discussed, LTCCs hold a privileged role in induction of a gene 
expression component of synaptic plasticity (Greer and Greenberg, 2008; Kelleher et al., 
2004). However, it is still unclear how specificity is endowed upon LTCCs when there are 
many potential sources of Ca2+ to initiate gene expression. NMDARs, other VGCCs, Ca2+ 
permeable AMPARs, and Ca2+ release from intracellular stores are all sources of Ca2+ in 
the cell. Despite the privileged role of the LTCC in signaling to the nucleus, other Ca2+ 
sources do contribute to excitation-transcription coupling likely through membrane 
depolarization and elevation of bulk Ca2+ (Kim and Usachev, 2009; Oliveria et al., 2007; 
Wheeler et al., 2012). However, these mechanisms are unable to drive signaling to the 
nucleus on their own because stimulation of neuronal activity in the presence of LTCC 
antagonists block excitation-transcription coupling (Bading et al., 1993; Dolmetsch et al., 
2001; Graef et al., 1999; Mermelstein et al., 2000; Murphy et al., 1991; Oliveria et al., 
2007; Ulrich et al., 2012). Furthermore, AKAP79/150 anchoring of both CaN and PKA 
within the nano-domain environment of the LTCC is required for regulation of LTCC 
activity and NFAT signaling in neurons (Dittmer et al., 2014; Murphy et al., 2014; Oliveria 
et al., 2007, 2012).  The AKAP79/150-LTCC complex is formed through a mutual leucine 
zipper (LZ) coiled-coil interaction between complementary motifs present at the C-
terminal portion of both AKAP and the channel. The heptad coiled-coil LZ motif was first 




filaments (Cohen and Parry, 1990; McLachlan and Stewart, 1975). However, the canonical 
LZ motif, first identified in the basic-region leucine zipper (bZIP) family of transcription 
factors (Landschulz et al., 1988), contains 4 or more leucine residues in a regular heptad 
spacing. Because LZ helices make a complete turn every 3.5 residues, the spacing places a 
leucine residue every two turns of the -helix forming a protein-protein interface with 
interdigitating hydrophobic residues. While the canonical LZ motif contains only leucine 
residues in a heptad spacing, many modified LZ domains have been identified containing 
other aliphatic amino acids including Phe, Met, Ile, and Val. Though leucine provides the 
greatest thermodynamic stability to the zipper interface, these other hydrophobic residues 
also contribute to the free energy of folding to stabilize LZ complexes (Vinson et al., 2006). 
Figure 4.1. Organization of the leucine zipper domains of AKAP79 and CaV1.2. A) 
Schematic showing the structural basis of the -helical LZ motif. Aliphatic amino acids 
form the core of the LZ motif at every two turns of the -helix. B) Sequences of the 
CaV1.2 LZ and alignment of the AKAP79/150 orthologues demonstrating species 




The modified LZ at the C-terminus of AKAP79/150 reads 408- I…M…I -422, while the 
LTCC contains a larger LZ stretch reading 2072- I…F…I…L…I -2103 (Figure 4.1). 
Introducing alanine mutations to two of the three hydrophobic residues forming the 
AKAP79 LZ reduces the interaction of AKAP79-CFP and CaV1.2-YFP by ~50% as 
measured with FRET in tsA-201 cells. However, combined LZ mutations to both AKAP79 
and CaV1.2 caused a loss of AKAP-CaV1.2 FRET, demonstrating a direct LZ interaction 
between AKAP and CaV1.2  (Oliveria et al., 2007). Interestingly, a C-terminal truncation 
Figure 4.2. AKAP79LZ does not rescue AKAP150 shRNAi mediated loss of NFAT 
translocation to the nucleus. A) Summed intensity projection images of fixed 
hippocampal neurons before (NS) or after (5, 15, 60, 90, and 120 min) an 18 sec, 10 Hz 
electrical field stimulus. Cells are transfected with AKAP150 RNAi and YFP (white, left 
panels), and stained for endogenous NFATc4 (white, right panels) and DAPI (blue). NFAT 
does not enter the nucleus in cells expressing AKAP150 shRNAi following stimulation. B) 
Quantification of the time course of NFATc4 nucleus/cytoplasm ratio summarizing the 
data shown in “A”. C) Quantified nucleus/cytoplasm ratio time courses of NFATc4 in 
neurons expressing AKAP150 shRNAi with AKAP79 WT, AKAP79PIX, or 




Figure 4.3. The AKAP79 LZ domain is required for depolarization triggered NFAT 
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Figure 4.3. The LZ domain of AKAP79 is required for depolarization triggered NFAT 
movement to the nucleus in hippocampal neurons. A) Schematic of the high K+ 
depolarization protocol. B) Summed intensity projection images of NFATc3-GFP (green) 
and nuclei (DAPI, blue) in rat hippocampal neurons transfected with pSilencer empty 
vector (Control) or AKAP150 RNAi plus mCh alone, AKAP79-mCh WT, LZ (mCh 
images not shown) under nonstimulated (NS) conditions and 10 min after high K+ 
stimulation. C) Quantification of NFATc3-GFP translocation to nucleus 10 min after high 
K+ stimulation measured as the fold-change in GFP fluorescence nucleus/cytoplasm ratio 
relative to NS conditions. Data expressed as mean ± SEM (**p<0.01; ANOVA with 




of the AKAP79, AKAP (1-410) (also known as AKAPLZ) does not rescue AKAP150 
shRNAi mediated loss of NFAT signaling in response to field stimulation (Figure 4.2 (Seth 
Oliveria, Ph.D.). This finding was curious because mutation of the LZ teeth of AKAP79 
did not disrupt the AKAP79-CaV1.2 interaction completely, nor does it affect PKA or CaN 
anchoring (Oliveria et al., 2007, and unpublished data). Among the possible explanations 
for the inability of AKAPLZ to rescue NFAT signaling is that the AKAP LZ may impart 
a subtle but important orientation to the AKAP-LTCC complex required to maintain LTCC 
activity. Alternatively, the AKAP LZ may play a direct role in the NFAT signaling 
pathway. Though NFAT is enriched in dendritic spines of hippocampal neurons, it does 
not appear to co-localize at the plasma membrane to the extent that PKARII or CaN do 
with AKAP79/150. However, triggering NFAT signaling with a high extracellular K+ 
depolarization, NFAT moves out of spines and toward the nucleus (Murphy et al., 2014).  
Spine enrichment of NFAT suggests that some fraction is recruited to spines through an 
unknown mechanism. In an effort to understand the role of the LZ domain of AKAP79 in 
NFAT signaling, a combination of biochemistry and imaging has shown that AKAP79 
interacts with NFAT in tsA-201 cells. Thus, AKAP79/150 may recruit NFAT to the LTCC 
nano-domain. I present the identification of a conserved LZ domain in the Rel homology 
region of NFAT and provide evidence that this domain, at least in part, regulates the 
AKAP-NFAT interaction. Intriguingly, AKAP79/150 recruitment of NFAT directly into 
the LTCC channel nano-domain could facilitate efficient CaN dependent activation of 







The AKAP79 LZ domain is required for depolarization-triggered NFAT 
movement to the nucleus in hippocampal neurons. As mentioned above, we previously 
described the importance of both AKAP-anchored PKA and CaN in mediating activation 
of NFAT by Ca2+-CaM/CaN signaling initiated in the LTCC nano-domain (Dittmer et al., 
2014; Li et al., 2012; Murphy et al., 2014; Oliveria et al., 2007). Previous preliminary work 
in the lab showed that expression of AKAP79LZ was unable to rescue AKAP150 shRNAi 
mediated loss of NFAT signaling in response to an 18 sec at 10 Hz field stimulation 
(Oliveria, unpublished data). To confirm the requirement for the LZ domain of 
AKAP79/150 in NFAT signaling, I repeated this work by transfecting rat hippocampal 
neurons with NFATc3-GFP to monitor translocation and either pSilencer empty vector 
(control) or AKAP150 shRNAi to deplete endogenous AKAP150. NFAT translocation was 
triggered using a high K+ depolarization protocol described above and by others (Graef et 
al., 1999; Murphy et al., 2014; Oliveria et al., 2007; Wheeler et al., 2012) (Figure 4.3A). 
of control cells 10 min after a brief K+ depolarization, while shRNAi-mediated knockdown 
of AKAP150 reduced NFATc3-GFP translocation (Figure 4.3A-C). Coexpression of 
RNAi insensitive WT AKAP79-mCh rescued the effect of AKAP150 shRNAi back to 
control levels of NFATc3-GFP translocation. However, coexpression of AKAP79LZ did 
not rescue NFAT translocation confirming the requirement for the AKAP LZ motif to 
efficiently couple depolarization to NFAT signaling (Figure 3.4D and E).  
The AKAP79/150 LZ domain is required for NFAT-dependent transcription. 




Figure 4.4. The AKAP79 LZ domain is required for depolarization triggered NFAT 
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Figure 4.4. The AKAP79 LZ domain is required for depolarization triggered NFAT 
transcription in hippocampal neurons. A) Schematic of the high K+ depolarization 
protocol. B Summed intensity projection images of neuronal cell bodies and proximal 
dendrites in NS conditions and 16 hrs. after high K+ stimulation (KCl). Neurons were 
transfected with the 3xNFAT/AP1-CFPnls reporter along with pSilencer empty vector 
(Control) or 150RNAi plus YFP or the indicated AKAP79-YFP constructs. YFP 
fluorescence is in white and nuclear-localized CFP fluorescence is in pseudocolor. C) 
Quantification of the fold-change in nuclear fluorescence of the 3xNFAT-AP1-CFPnls 
reporter following high K+ stimulation for the indicated conditions. Data expressed as 
mean ± SEM (***p<0.001,**p<0.01; ANOVA with Dunnett’s post-hoc test; n = 14-49). 




expressed the previously characterized 3xNFAT/AP1-CFPnls transcriptional reporter (Li 
et al., 2012; Murphy et al., 2014) in neurons and measured the amount of CFP fluorescence 
sequestered in the nucleus following K+ stimulation (Figur4.4A-C). Control As expected 
from the work shown above, NFATc3-GFP accumulated densely in the nucleus with a 50% 
increase in nuclear CFP fluorescence 16 hrs. post-stimulation while expression of 
AKAP150shRNAi blocked NFAT-dependent transcription (Figure 4.4C and D). As seen 
for NFAT translocation, co-expression of AKAP79LZ with AKAP150 shRNAi failed to 
rescue the transcriptional deficit, while AKAP79 WT restored transcriptional activation to 
control levels (Figure 4.4C and D). This result confirms that the loss of NFAT 
translocation in neurons expressing AKAP79LZ also ultimately results in a loss of 
transcriptional regulation by NFAT. 
The AKAP79 LZ domain influences AKAP association with the C-terminus of 
CaV1.2. NFAT signaling requires coupling of LTCC Ca2+ entry to Ca2+-CaM-dependent 
activation of intracellular CaN (Oliveria et al., 2007). Thus, It is possible that AKAP79LZ 
disrupts the AKAP-LTCC complex to a greater degree than the LZ point mutations 
introduced in (Oliveria et al., 2007). Complex disruption would reduce the efficiency of 
coupling between Ca2+ entry and CaN activation, leading to a loss in NFAT signaling akin 
to the PIX mutation. To address this issue I carried out FRET experiments in live tsA-
201 cells co-expressing AKAP79 WT or LZ-CFP and CaV1.2-YFP tagged either at its N- 
or C-terminus (Figure 4.5A). Membrane associated FRETeff values were measured 
between AKAP79 WT and both the N and C terminus as done previously (Murphy et al., 
2014; Oliveria et al., 2007). The FRET values measured for AKAP79 WT were consistent 




CaV1.2 (Figure 4.5B, bottom panel) (Oliveria et al., 2007). Interestingly, in cells 
expressing AKAP79LZ-CFP and C-terminally tagged CaV1.2-YFP membrane FRETeff 
was reduced compared to AKAP79 WT-CFP (Figure 4.5B, top panel). However, the 
reduction in FRETeff seen in between AKAPLZ and Cav1.2-YFP was only seen with the 
C-terminus of the channel. This result is consistent with the C-terminal nature of the LZ 
interaction and with evidence that the AKAP-LTCC complex associates through multiple 
contacts both through the LZ (Oliveria et al., 2007) and through sites in the N-terminus and 
I-II loop  of CaV1.2 (Hall et al., 2007). 
 
Figure 4.5. The AKAP79 LZ domain influences AKAP association with the C-
terminus of CaV1.2. A) tsA-201 cells co-transfected with C or N-terminally tagged 
CaV1.2-YFP (FRET acceptor, green) and WT or LZ AKAP79-CFP (FRET donor, blue). 
Corrected FRET (FRETc) shown in pseudocolor gated to CFP. B) Quantification of 
apparent FRET efficiency measured between CaV1.2-YFP and WT or LZ AKAP79-CFP. 





The AKAP79 LZ domain is not required for regulation of LTCC activity. 
Weakened AKAP79 binding to the C-terminus of CaV1.2 could result in deregulation of 
LTCC activity due to mislocalization of PKA and CaN from their target phosphorylation 
sites on the channel. To assess whether decreased channel function is associated with the 
loss of NFAT signaling seen in neurons expressing the AKAP79LZ mutant, I performed 
Figure 4.6. The AKAP79 LZ domain is not required for regulation of LTCC activity. 
A) Diagram of the high K+ depolarization protocol to trigger LTCC Ca2+ influx. B) Time-
course of RGECO-1 Ca2+-indicator fluorescence change, shown in pseudocolor, in 
response to K+ depolarization in rat hippocampal neurons coexpressing AKAP150 
shRNAi and AKAP79WT-YFP. C) Representative live-cell images of RGECO-1 (red) 
overlaid on AKAP79WT-YFP or AKAP79LZ-YFP (yellow) fluorescence prior to Ca2+ 
imaging in rat neurons also expressing AKAP150 shRNAi. D) Time-course (left panel) 
and quantification of area under the curve (middle panel) and estimated peak width (right 
panel) for mean RGECO-1 fluorescence change over time in response to K+ depolarization 
in rat neurons for the indicated conditions. Data expressed as mean ± SEM. (***p>0.001, 




Ca2+ imaging experiments to measure LTCC activity. Rat hippocampal neurons were 
transfected with AKAP150 shRNAi, the red genetically encoded Ca2+ indicator, RGECO-
1, and AKAP79 WT or LZ-YFP plasmid constructs (Figure 4.6C).  A brief 20 second 90 
mM K+ depolarization (Figure 4.6A) triggered a large Ca2+ transient throughout the cell 
during the imaging period in control AKAP79 WT-YFP expressing cells (Figure 4.6B). In 
the presence of the LTCC antagonist, nimodipine, the Ca2+ response was decreased in both 
AKAP79 WT and LZ conditions as measured by the integrated area of the change in 
fluorescence and by estimating the peak width given by the equation (Width = Area/Peak 
Figure 4.7. AKAP79 and NFAT co-assemble in cells. A) Coimmunoprecipitation of an 
AKAP79-mCh and NFATc3-GFP complex. Input = whole tsA-201 cell extract, IgG = IP 
with non-immune immunoglobulin. B) Sequence alignments shows putative NFAT LZ 
domain conservation among all NFATc isoforms. AKAP79/150 LZ sequence alignment 
of putative NFAT binding region. C) Cartoon representation of the putative structure 




Height). Peak amplitudes were not significantly different by t-test in control vs. nimodipine 
conditions in AKAP79 WT or LZ expressing neurons (Figure 4.6D). These data support 
the hypothesis that the AKAP79 LZ is not required for regulation of LTCC activity. 
 AKAP79 and NFAT co-assemble through a LZ interaction. If the AKAP79 LZ 
domain does not play a role in regulation of channel activity, then it must be involved in 
coupling Ca2+ entry to NFAT activation. We know that CaN activation of the NFAT 
signaling pathway is dependent upon local anchoring to the LTCC, but could it be that 
NFAT must also be localized within the LTCC/AKAP/CaN nano-domain for efficient 
Figure 4.8. X-ray structure of the Fos/Jun heterodimer interacting with NFAT and 
DNA. A) Illustrated x-ray structure of the AP-1/NFAT complex bound to DNA. The AP-
1 interaction domain of NFAT identified in Chen et al., 1998 is at the core of the putative 
LZ domain. Hydrophobic residues are shown in red. B) The ARRE2 nucleotide sequence 
in the crystals. ARRE2 is an element of the NFAT-regulated IL-2 promoter. Figure adapted 




activation?  To address this question I performed immunoprecipitation experiments in tsA-
201 cells cotransfected with AKAP79-mCh and NFATc3-GFP. NFATc3-GFP complexes 
were immunoprecipitated using an antibody against GFP while AKAP79 was identified in 
the pull down by detection of the mCh tag (Figure 4.7A). Coimmunoprecipitation of 
AKAP79-mCh from NFATc3-GFP complexes suggests that AKAP79 and NFATc3 do co-
assemble in cells. However, using AKAP79 as the bait, NFATc3-GFP cannot be detected 
(data not shown, see also Figure 4.9B).  Despite the unidirectional nature of AKAP79-
mCh pull-down with NFATc3-GFP, it provides evidence that an AKAP79-NFAT complex 
can be formed. Analysis of the NFAT proteins for putative protein-protein interaction 
Figure 4.9. The NFAT LZ domain facilitates formation of the AKAP-NFAT 
complex. A) Schematic of site directed leucine zipper mutations. B) Reduced 
immunodetection of the NFAT-AKAP complex following LL-AA mutation of the 
NFAT LZ domain (top panel). Blot was stripped and probed against GFP to 




motifs led to the identification of three putative LZ motifs. However, alignment of the 
NFATc1-4 sequences identified 100% homology among all the NFAT isoforms in one 
motif in the Rel homology region of the DNA binding domain (Figure 4.7B and C).  The 
NFAT LZ motif is within the core of a protein-protein interface previously identified in a 
quaternary x-ray crystal structure containing Fos/Jun, NFAT and DNA. Strikingly, the 
canonical LZ coiled-coil of the AP-1 Fos/Jun heterodimer contacted NFAT at the core of 
the putative NFAT LZ I identified (Figure 4.8) (Chen et al., 1998). Thus, there is 
precedence for the putative LZ motif of NFAT in forming protein-the protein interactions. 
To probe the requirement for the NFAT LZ in mediating the AKAP79 interaction I carried 
out site-directed alanine mutations of two of the NFAT LZ zipper teeth (Leu543Ala, 
Leu550Ala) (Figure 4.9A). Immunoprecipitation of NFAT bearing the LL-AA mutations 
reduces the amount of AKAP79 associated with the complex (Figure 4.9B). This 
intriguing result implies that the NFAT LZ domain is likely involved in facilitating the 
AKAP79-NFAT interaction. More detailed studies will reveal which components of 
AKAP and NFAT are required to mediate AKAP79 coupling of LTCC channel Ca2+ influx 
and NFAT activation.   
 
Discussion 
The experiments described above provide evidence that AKAP79/150 LZ may 
recruit NFAT into the LTCC nano-domain, thereby facilitating local access to the Ca2+ 
signals that regulate NFAT signaling. This finding is consistent with the role of AKAP 
scaffolding proteins as nodes for organizing signaling pathways into efficient functional 




entropic contributions and enhance intracellular signaling efficiency. Additionally, local 
recruitment of NFAT to the LTCC may provide a mechanistic understanding of the 
privileged role that these channels have in excitation-transcription coupling. Through 
direct sensing of local Ca2+ entry by NFAT signaling components, this pathway becomes 
critically sensitive to the LTCC over other Ca2+ sources such as VGCCs, NMDARs, Ca2+ 
permeable AMPARs, and intracellular store release. 
The Rel homology region of the NFAT family of transcription factors is known to 
interact with NFATn proteins including the Fos/Jun heterodimer AP-1 (Crabtree and 
Schreiber, 2009). Fos and Jun belong to the basic-region leucine zipper (bZIP) domain-
containing class of transcription factors which include CREB, CREM, ATF-1, and C/EBP 
(Alberini, 2009). Interestingly, when (Chen et al., 1998) solved the x-ray crystal structure 
of a quaternary complex consisting of Fos, Jun, and NFAT bound to DNA they found that 
NFAT interacts with the AP-1 dimer through an elongated hydrophobic interface that likely 
stabilizes the normally weak NFAT-DNA interaction. Though the x-ray structure described 
in this study did not resolve a LZ interaction between NFAT and AP-1, it does not rule it 
out. The bZIP family of transcription factors have a propensity to form higher order 
oligomers, especially if additional hydrophobic residues project near the LZ surface, which 
is indeed the case for NFAT. It still remains to be demonstrated if NFAT forms a direct LZ 
interaction with LZ domain containing proteins, but the x–ray structural work suggests 
very strongly that the LZ domain containing region of NFAT is involved in protein-protein 
interactions. Mutating two teeth of the NFAT LZ motif did not fully disrupt the AKAP79-
NFAT interaction, suggesting either the LZ motif is still functional or that other protein-




be needed to determine which regions in AKAP79 and NFAT are necessary and sufficient 
for complex formation. 
Here I have proposed that AKAP79/150 and NFAT interact in cells through 
complementary LZ motifs. This raises the question of the availability of LZ binding sites 
in a complex containing three or more LZ domain containing proteins. There is 
considerable evidence of higher order oligomerization of LZ containing coiled-coils in the 
bZIP family of transcription factors, long-form homer proteins (Shiraishi-Yamaguchi and 
Furuichi, 2007), in AKAP-Lbc (Baisamy et al., 2005), and between LTCCs themselves 
(Dixon et al., 2012; Navedo et al., 2010). It is interesting to speculate that LTCC-
AKAP79/150 oligomers in neurons may recruit NFAT more stably within higher order 
coiled-coil domains containing higher concentrations of both AKAP and CaN. It is possible 
that CaN may stabilize the interaction of AKAP with NFAT due to local enrichment of 
CaN near the LTCC and the short half-time of the AKAP-CaN interaction. Such an 
arrangement could allow for “breathing” between CaN-AKAP79/150 to support a dynamic 
tertiary interaction with the PxIxIT motif of both AKAP79/150 and NFAT, thus 












BROAD DISCUSSION AND ONGOING RESEARCH 
 
General summary  
The LTCC is known to couple excitation to neuronal gene expression. However, 
the mechanisms that govern synapse to nucleus signaling are still poorly understood. In 
total, my primary findings have demonstrated that local AKAP-anchoring of CaN, PKA, 
and NFAT to the LTCC is required for efficient coupling of LTCC Ca2+ entry to NFAT 
transcriptional signaling (Figure 5.1). I propose that the concerted action of AKAP-
anchored CaN and PKA maintains basal LTCC phosphorylation and provides feedback 
regulation upon the channel while local enrichment of CaN and NFAT couple LTCC Ca2+ 
entry to transcription.  This proposed mechanism may be important for regulation of the 
late phases of synaptic plasticity that require coupling of electrical excitation to gene 
expression and protein synthesis.  
The dynamic nature of CaN anchoring to AKAP79/150 is critical to its role as a 
neuronal NFAT signaling enzyme. Local recruitment of CaN to the LTCC nano-domain is 
dynamic in nature due to the modest affinity of CaN for the AKAP79 IAIIIT site (~0.4M) 
and the rapid koff leading to a mean half-time of 70 ms. This precise tuning of the AKAP-
CaN interaction is best appreciated when compared to the PIAIIT AKAP point mutant that 
has an higher affinity (~0.08 M) and a mean half-time of 163 ms (Figures 2.4 and 2.6A 
and B). Though the IAIIIT>PAIIIT mutation shifts the off-rate just 2-fold in vitro as 
measured with stopped-flow FRET experiments, it shifts the mobile fraction of CaN from 




PAIIIT, which is nearly equal to the mobile fraction of AKAP79 itself (Figure 2.6C-F). If 
high affinity AKAP79 PAIIIT and CaN have an equal mobile fraction in neurons, there is 
very little exchange of CaN with its substrates, resulting in loss of NFAT signaling 
(Figures 2.5, 2.8). Conversely, the lower affinity AKAP79 IAIIIA mutant decreased the 
affinity of CaN for AKAP 10 fold (~ 4M) (Figure 2.3) and increased the mobile fraction 
of CaN to ~81%, however not to the extent of CaN alone (~90%) (Figure 2.6C-F). 
Although this only mildly reduced NFAT translocation (Figure 2.5), NFAT transcriptional 
signaling only lasted 6 hours as compared to a full 16 hours under WT AKAP79 conditions 




(Figure 2.8). This result suggests that the dynamic nature of CaN anchoring to 
AKAP79/150 has evolved to suit the rather high physiological concentration of CaN in 
neurons (~10M). The affinity of CaN for the AKAP79 scaffold enables enrichment within 
local pools, but also allows for substrate exchange to facilitate signaling (Li et al., 2012). 
A different AKAP docking mechanism imparts spatial specificity on PKA substrate 
targeting. Typically, AKAPs that bind to the RII subunit, do so at 1-4 nM affinity (Carr et 
al., 1992; Herberg et al., 2000). The low nanomolar affinity of AKAP-RII subunit binding 
limits the off-rate, sequestering the regulatory subunit at AKAPs within subcellular 
domains. In the classical view of PKA activation, the catalytic subunits are retained under 
allosteric inhibition by the RII subunits in the absence of cAMP. When cAMP levels are 
elevated, either by GPCR activation or through Ca2+ activated ACs, cAMP binds to the 
regulatory subunit, causing a conformational change that releases freely diffusible and 
active catalytic subunit. However, recently published data suggests that PKA does not need 
to release the catalytic subunits to phosphorylate its substrates (Smith et al., 2013). This 
solid state model of basal PKA phosphorylation posits that PKA has basal catalytic activity 
in the absence of cAMP. Furthermore, through flexible linkers that connect the D/D domain 
and the cAMP binding domain of the RII subunit, the catalytic subunits have a 16 nm radius 
of motion. This is long enough to reach substrates through secondary targeting by the 
AKAP. Thus, PKA is more likely to reside within a spectrum of activity depending upon 
subcellular localization by AKAPs and local cAMP concentration. Such a mechanism 
lends support to our hypothesis that AKAP-anchored PKA within the nano-environment 
of the LTCC maintains a basal level of phosphorylation required for voltage dependent 




While we have shown previously that CaN anchoring to the LTCC nano-domain is required 
for NFAT signal transduction (Li et al., 2012; Oliveria et al., 2007), PKA provides a 
permissive environment for NFAT signaling by controlling the activity of the LTCC 
(Dittmer et al., 2014; Murphy et al., 2014; Figure 3.9).  In AKAP150PKA knock-in 
mouse cultures, the steady-state PKA phosphorylation of the C-terminus of the channel is 
reduced roughly 2-fold (Figure 3.8). Though not widely appreciated, the idea that basal 
phosphorylation of the LTCC is required for its response to voltage was first proposed over 
25 years ago (Armstrong and Eckert, 1987; Ono and Fozzard, 1992). I show here that PKA 
targeting through AKAP anchoring is not only critical for maintenance of LTCC activity, 
but also for neuronal signaling to the nucleus. 
The LTCC has a privileged role in initiating Ca2+-dependent signaling from 
synapses to the nucleus. This is despite the fact that there are many other sources of Ca2+ 
in neurons. One of the many possible reasons for such specificity is through local anchoring 
of the proteins that mediate nuclear signaling within the nano-domain of the LTCC. The 
LZ motif at the distal C-terminus of AKAP79/150 works cooperatively with a 
complementary LZ on the LTCC to form the AKAP-LTCC complex. Though deletion of 
the AKAP79 LZ domain does disturb the complex mildly, AKAP regulation of the channel 
is intact (Oliveria et al., 2007; Figure 4.5 and 4.6). However, despite having only mild 
effects on complex organization, the AKAP79LZ mutation completely disrupts NFAT 
signaling (Figure 4.2-4.4). The evidence here suggests that disruption of NFAT signaling 
may be due to a loss of NFAT recruitment to the LTCC nano-domain through 
AKAP79/150 binding. The presence of a perfectly conserved LZ domain in the core of the 




protein interactions important for NFAT recruitment to DNA and possibly to the LTCC 
(Figure 4.7 and 4.8). The NFAT LZ is likely involved in mediating an interaction with 
AKAP since its mutation reduced the amount of AKAP in the NFAT complex. (Figure 
4.9). If local recruitment of NFAT into dendritic spines by AKAP79/150 is required for 
activation of NFAT dependent signaling, would be one of the first such examples of the 
subcellular targeting of a transcription factor in complex with its source of activation. 
 
Ongoing research 
  Despite the progress that has been made, there is of course still much to learn 
regarding the roles of AKAP-anchored PKA and CaN in regulation of LTCC activity and 
transcriptional signaling in neurons.  Continued experimentation using both existing and 
newly developed techniques including animal behavior, protein biochemistry, 
sophisticated imaging platforms and cellular electrophysiology will continue to dissect the 
role of AKAP79/150 in the biology of synapses and neuronal signaling.  The development 
of the AKAP150PIX andPKA knock-in mouse models in our lab have been 
instrumental for the study of enzyme targeting in mechanisms of postsynaptic plasticity. 
New avenues of research have become available that were otherwise complicated or 
unfeasible. However, when comparing results from knock-in mouse models to our 
traditional method of acute AKAP knock-down and replacement, outcomes are 
demonstrably consistent and supports its continued use as a prelude to experiments in 
mouse models. However, some current projects will take advantage of the knock-in mouse 
models including behavioral tasks measuring cognitive performance, biochemical 




using brain slices. Further, we can measure changes in gene expression that underlie 
deficits in NFAT signaling in AKAP150PIX and PKA mice. The number of known 
NFAT regulated genes is still limited and through implementation of microarray and next-
generation sequencing services available at UCD-AMC we will learn about new NFAT 
transcriptional targets that are involved in synaptic plasticity. With this information we 
may better understand what role NFAT signaling plays in specific plasticity mechanisms. 
Ongoing work is focused on understanding how LTCC regulation in sub-
compartments of hippocampal neurons may ultimately shape excitability, local signaling, 
and transcription. The power of Ca2+ imaging in hippocampal cultures is the ability to 
measure small changes in Ca2+ with high temporal and spatial resolution. We have made 
significant progress on measuring the contribution of LTCCs to Ca2+ influx and excitability 
in spines, dendrites, and the neuronal soma. Using high K+ depolarization and focal 
glutamate uncaging we are beginning to understand how LTCCs contribute to Ca2+ signals 
in spines and dendrites. We have harnessed the spontaneous firing of hippocampal cultures 
and miniature Ca2+ activity in TTX and zero Mg2+ to reveal a significant role for LTCCs 
in neuronal excitability (data not shown). It will be of great interest to continue to learn 
how AKAP-anchored CaN and PKA regulate LTCC activity in neuronal sub-
compartments using these methods going forward.  
 Many aspects of NFAT signaling in hippocampal neurons are still unclear. By 
combining Ca2+ imaging and concurrent monitoring of NFAT translocation we may 
continue to shed light on the nature of synapse to nucleus intracellular signaling. 
Preliminary work suggests that Ca2+ signals localized to the dendritic arbor can drive 




determine what types of synaptic signals are sufficient to activate NFAT signaling and 
whether NFAT can be detected translocating from synapses into the nucleus and to what 
extent this occurs under various stimuli. Thus, it would be of great utility to develop a 
photoconvertible version of NFAT that could be used to measure the movement of small, 
spatially restricted pools of NFAT. To this point, I have created both blue-green (PSCFP2) 
and green-red (mEos2) photoconvertible versions of NFATc3, however, their utility is 
limited because of poor expression levels. Thus, the development of NFAT fusions, either 
using truncated versions of NFAT proteins or a more efficient promoter in neurons, such 
as the chicken -actin promoter (Obermair et al., 2004) may aid in overcoming this 
limitation. 
 The observation that AKAP79/150 interacts with NFAT in heterologous cells is 
very intriguing but requires more characterization to be convinced that this interaction is 
as important for NFAT signal transduction as it may appear. It will be important to 
demonstrate co-IP of AKAP150 and NFAT in rodent neurons to support a role of this 
complex in a neuronal system. Additionally, current work in the lab will establish if the 
enrichment of NFAT into dendritic spines (Figure 3.6) is AKAP-anchoring dependent. If 
the AKAP-NFAT complex is dependent on a LZ interaction, a combination of WT, point 
mutants, and LZ versions of AKAP79 and NFAT will determine if the motif is sufficient 
for NFAT spine enrichment. In addition to AKAP79/150 there are additional proteins that 
may enrich NFAT within dendritic spines. CaN itself may interact dynamically with the 
PxIxIT motif of both AKAP and NFAT, especially if all three components are in close 
proximity. The net effect of dynamic anchoring in a tertiary complex may stabilize the 




coexpressing AKAP79/150 and NFAT with or without CaN. If CaN stabilizes the 
interaction, co-IP of the AKAP-NFAT-CaN complex may be more efficient. Additionally, 
one could also carry out this experiment using fluorescently tagged components of the 
complex and measure FRAP rate and mobile pool size of CaN, AKAP, and NFAT when 
expressed together, apart, or with mutations/deletions to LZ domains.  
In tsA-201 or MDCK cells expressing AKAP79 with NFAT-GFP we see little to 
no enrichment of NFAT at the plasma membrane, suggesting that only a small amount of 
NFAT interacts directly with AKAP. To develop an imaging strategy that could 
demonstrate the NFAT-AKAP interaction in living cells, we have developed self 
oligomerizing AKAP79 constructs using a protein clustering technology created by 
Chandra Tucker, Ph.D. and Matt Kennedy, Ph.D. (UCD-AMC) (Kennedy et al., 2010). 
This method takes advantage of the natural light-induced protein-protein interactions of 
cryptochrome proteins in plants. When fused to a protein of interest, CRY2olig will drive 
self-aggregation on a sub-second time scale after illumination with blue light. Using this 
system, self-aggregation does not occur very rapidly when proteins are associated with the 
cell membrane. To overcome this limitation of AKAP79/150, we have fused CRY2olig to 
AKAP79 (108-427), a form of AKAP79 that lacks the N-terminal polybasic targeting 
domain (Dell’Acqua et al., 1998). This effectively generates a cytoplasmic CRY2olig-
AKAP79 fusion protein. Upon exposure to blue light in MDCK cells, CRY2olig-AKAP79 
(108-427) oligomerizes, bringing PKARII-YFP or CaNA-YFP into punctate cytosolic 
clusters (data not shown). Future experiments will determine whether AKAP79 





Taken together, the work carried out in this dissertation provides further support 
for AKAP79/150 as a node of regulation for Ca2+-dependent signaling processes 
originating near the mouth of the LTCC. AKAP79/150 anchoring of CaN, PKA, and NFAT 
maintains feedback mechanisms to guide activity of the LTCC while also facilitating 
rigorous LTCC-specific intracellular signaling to the nucleus. Continuing research will 
further our understanding of LTCC regulation by AKAP-anchored CaN and PKA at the 
subcellular level while enabling a better understanding of the role of NFAT signaling in 























Animal care and use 
All animal procedures were conducted in accordance with National Institutes of 
Health (NIH)-United States Public Health Service guidelines and with the approval of the 
University of Colorado Denver Institutional Animal Care and Use Committee. 
 
Mammalian cDNA constructs 
Previously characterized pSilencer and AKAP150 shRNAi expression vectors were 
provided by John Scott, Ph.D. (University of Washington)(Hoshi et al., 2003; Oliveria et 
al., 2007).  RGECO-1 (Addgene plasmid 32444) (Zhao et al., 2011) and GCaMP6f 
(Addgene plasmid 40755) (Chen et al., 2013) vectors were procured from Addgene, Inc. 
The AKAP79 WT, PxIxIT motif variants, PIX, PKA, and LZ, CaV1.2, CaNA, and 
PKARII-EXFP palette of fluorescently tagged proteins were cloned into Clonetech 
Laboratories, Inc. plasmids as previously described (Li et al., 2012; Oliveria et al., 2007; 
Smith et al., 2006b). Use of 2b and 2 VGCC subunits have been described elsewhere 
(Oliveria et al., 2007, 2012). NFATc3-EGFP was provided by. A description of the design 
and subcloning of the 3xNFAT-AP1-CFPnls plasmid is available in (Li et al., 2012).  
 
Mutant mouse genotyping and husbandry 
 AKAP150KO and PIX mice were genotyped and cared for as described 




AKAP150PKA mice, DNA was extracted from tail tissue using REDExtract-N-Amp 
Tissue PCR kit (Sigma) following manufacturer’s recommendations. PCR with forward 
(5’-ACCGAGATCAGAAGAAAGCAAACG-3’) and reverse (5’-
CCTCGGAAACCATTTCATTAACCA-3’) primers amplified nucleotides 2282–2559 of 
the coding sequence, giving a 277 bp fragment for the WT allele and a 247 bp fragment for 
the ΔPKA allele. For most experiments, AKAP150ΔPKA mice were maintained on a 
mixed C57Bl6/129 background as heterozygous breeding pairs to provide WT littermate 
controls; however, for neonatal cultured neuron preparations, WT and ΔPKA homozygous 
breeding pairs were used to provide litters of a single genotype. AKAP150ΔPKA mice 
have no obvious alterations in physical, behavioral, or breeding phenotype in the home-
cage environment. 
 
Immunoprecipitation and immunoblotting 
AKAP150 immunoprecipitations (IP) from the hippocampus of ~2 month-old male 
and female mice were performed as per Gomez et al (Gomez et al., 2002) with slight 
modifications. Hippocampi were homogenized in lysis buffer (50 mM Tris pH 7.5, 0.15 M 
NaCl, 5 mM EDTA, 5 mM EGTA, 5 mM NaF, 2 mg/ml leupeptin, 2 mg/ml pepstatin, 1 
mM Benzamidine and 1 mM AEBSF), then incubated on ice for 20 min in the presence of 
1% Triton X-100. Lysates were spun for 20 min at 20,800g. 10% of supernatant was 
reserved for gel loading. The remaining supernatant was diluted to 0.5% Triton X-100 and 
split evenly into two samples, receiving either 5μg rabbit anti-AKAP150 or 5μg rabbit anti-
IgG antibodies. Samples were incubated for 4 hours at room temperature with end-over-





The entire immunoprecipitates, 15 μg whole extract (WE/input), 10 μg P2, 20 μg 
S2, 5μg TxP and 15 μg TxS were resolved on Tris-SDS gels and transferred in 20% 
methanol to PVDF membranes. 40 μg of WE was loaded gel for parallel blotting with anti-
myc and anti- AKAP150. Primary antibodies were incubated with the membranes for a 
minimum of 90 min as follows: rabbit anti-AKAP150 (1:2000); (Brandao et al., 2012), 
mouse anti-myc and anti-PKA-RIIα (1:1000; Santa Cruz Biotechnology), mouse anti-
PKA-C (1:1000; BD-Transduction Labs). Detection was performed with horseradish 
peroxidase (HRP)-coupled secondary antibodies (Bio-Rad; 1:1000) followed by enhanced 
chemiluminescence (ECL) (West Pico or West Dura Chemiluminescent Substrate; Pierce). 
Chemiluminescence was imaged using an Alpha Innotech Fluorchem gel documentation 
system, and band intensities were analyzed using ImageJ software (NIH). 
 
Live-cell FRET microscopy in tsA-201 cells 
 tsA-201 cells were plated on 25mm round glass coverslips (in DMEM + 10% FBS 
media, grown for 48 h, and then transfected using Turbofect (Thermo Scientific) with 
cDNA plasmids (1-4 µg) encoding AKAP79 WT or PKA-CFP and CaV1.2 Nterm-YFP 
or CaV1.2 Cterm-YFP at 60-70% confluency as previously described (Oliveria et al., 2007). 
Living cells were imaged at room temperature 24-48 h post-transfection using a Axiovert 
200M microscope with a 63x plan-apo/1.4NA objective, Lambda XL illumination (Sutter 
Instruments), Coolsnap-HQ CCD camera (Roper Scientific), and Slidebook 4.2–5.5 
software. Three-filter FRET images were captured with 2x2 binning, processed, and 




et al., 2003). 
 
Quantification of live-cell FRET microscopy in tsA-201 cells  
YFP, CFP and CYFRET fluorescence were detected in single xy planes in living 
cells to capture three images: 1) YFPexcitation/YFPemission, 2) CFP 
excitation/CFPemission, and 3) CFPexcitation/YFPemission (raw FRET). After 
background subtraction, fractional image subtraction corrected for CFP bleed-through and 
YFP cross-excitation,  
FRETc = rawFRET – (0.54 x CFP) – (0.02 x YFP) 
to yield an image of corrected FRET (FRETc), which was then gated to the CFP donor 
channel to create a FRETc/CFP pseudocolor image of relative FRET intensity in the cell. 
Mean CFP, YFP, and raw FRET fluorescence intensities were measured by mask analysis 
of membrane regions (or the cytoplasm for linked CFP-YFP) in Slidebook 4.0-5.5 as 
described previously (Oliveria et al., 2003, Oliveria et al., 2007; Li & Pink et al., 2012). 
Apparent FRET efficiency (FRETeff) values were calculated from these mean intensities 
using the equation, 
FRETeff = FRETc / ((0.02 x YFP) x 10.6) 
for a 1:1 complex, where FRETc is the emission from YFP due to FRET, 0.02 * YFP is 
the emission from YFP directly excited with the FRET filter cube, 10.6 is a factor relating 
CFP excited to YFP excited with the FRET filter cube, and (0.02 * YFP ) * 10.6 is therefore 
the maximum sensitized YFP emission possible if every excited CFP transferred its 





Transfection of primary rodent hippocampal neurons 
DIV 9-13 neurons were transfected using Lipofectamine 2000 (Life Technologies). 
Each transfection reaction contained 4-8 g total plasmid encoding cDNA/shRNAi. For 
each 18 or 25 mm coverslip, either 4 or 8 l of Lipofectamine was added, respectively. 
Briefly, NB and Lipofectamine or NB and plasmid DNA were combined incubated for 5 
min in separate tubes at room temperature. After 5min, the Lipofectamine and DNA tubes 
were combined at room temperature and incubated for 20 min to create 
Lipofectamine/DNA complexes. During the 20-min incubation time, half of the medium 
was removed from the cultured cells and mixed with fresh NB (+B-27, +Glutamax) and 
saved. Following the 20-min incubation, the Lipofectamine/DNA mixture was added 
dropwise to the cultured neurons and allowed to incubate for 1.5-2.0 h at 37ºC, 5% CO2. 
After incubation, Lipofectamine-containing media was replaced with conditioned culture 
media. Neurons were then returned to the incubator at 37ºC, 5% CO2, and imaged within 
2 days at DIV 10-14. 
 
Quantification of AKAP79/150, CaNA, and PKARII spine enrichment 
DIV12-14 cultured rat hippocampal neurons (24-48 hours post-transfection) were 
fixed for 10 min at room temperature with cold 3.7% paraformaldehyde in PBS and 
permeabilized for 10 min at room temperature in 0.1% TritonX-100 in PBS. Transfected 
rat neurons expressing AKAP-mCh, CaNA-YFP, or PKA-RII-CFP were washed three 
times in PBS and mounted on glass slides with Pro-long Gold (Life Technologies). After 
fixation and permeabilization, cultured AKAP150 WT and PKA knock-in mouse neurons 




and mouse -PKA-RII (R&D Systems)) were diluted 1:500 in 3% BSA/PBS, applied 
directly to coverslips, and incubated for 2 hrs. at room temperature. After incubation with 
primary antibody, cells were washed 3x in PBS. Secondary antibodies (goat -rabbit Alexa 
Fluor 488 & goat -mouse Alexa Fluor 568, (Life Technologies)) were diluted 1:500 in 
3% BSA/PBS, applied directly to coverslips, and incubated for 1 h at room temperature. 
Coverslips were then washed three times in PBS before mounting on glass slides with Pro-
long gold. Measurements of spine fluorescence intensity were made by drawing masks 
using Slidebook 4.0-5.5 on all spines within the dendritic arbor in the field of view using a 
63x objective and averaged for each neuron. Similarly, dendrite fluorescence intensity was 
measured by drawing masks over the dendrite shafts within the field of view and averaged 
into one number for each cell. 
 
NFATc3-EGFP translocation in hippocampal neurons  
For rat neurons, DIV11-13 cultured hippocampal neurons (24-48 hours post-
transfection) were placed in a Tyrode's salt solution including 1μM TTX (Tocris) to 
dampen spontaneous activity and reduce basal levels of nuclear NFAT. Cells were 
incubated in Tyrode's + TTX at 37ºC, 5% CO2, for 0.5 – 1.0 h. To block LTCCs, 10M 
nimodipine (Sigma) was applied 10min prior to and throughout the TTX preincubation 
because of the use-dependence of dihydropyridines. Subsequently, cells were depolarized 
for 3 min in isotonic 50 mM KCl Tyrode's solution to open LTCCs. Next, the cells were 
allowed to recover for 10min in control Tyrode's solution containing 1μM TTX at 37ºC, 
5% CO2. Cells then underwent immunocytochemistry to stain transfected NFATc3-GFP. 




described above. Primary antibodies (mouse -GFP & rabbit -RFP, AbcaM) were diluted 
1:500 in 3% BSA/PBS, applied directly to coverslips, and incubated for 2 hrs. at room 
temperature. Cells were washed three times in PBS and secondary antibodies (goat -
mouse Alexa Fluor 488 & goat -rabbit Alexa Fluor 568, Life Technologies) were diluted 
1:500 in 3% BSA/PBS, applied directly to coverslips, and incubated for 1 h at room 
temperature. Coverslips were then washed three times in PBS before mounting on glass 
slides with Pro-long gold containing DAPI (Life Technologies).  
Experiments in which spontaneous neuronal activity drives NFAT translocation 
were carried out as follows. After TTX pretreatment, neurons were washed two times over 
5 min to remove residual TTX. Spontaneous activity in the neuron cultures persisted for 
10min at 37°C in Tyrode’s containing Vehicle (0.1% DMSO), BayK 8644 (10M), or 
nimodipine.(10M). After treatments, cells were fixed, permeabilized, and stained as 
described above.  
 
Measurement of NFAT transcriptional reporter expression 
NFAT transcriptional reporter assays were carried out essentially as described 
previously (Graef et al., 1999; Li et al., 2012). 12 DIV mouse hippocampal neurons were 
transfected with GL3NFAT (Hedin et al., 1997) & RLSV40 Luciferase plasmids. 
Alternatively, 12 DIV rat neurons were transfected with the 3xNFAT-AP1–CFPnls 
fluorescent reporter plasmid, pSilencer or AKAP150 shRNAi, and either YFP, 
AKAP79YFP WT or mutant plasmids as described above. 4h or 26 h after transfection (for 
16 h or 6 h post-KCl conditions, respectively, to ensure in both cases that cDNA and RNAi 




TTX was added in conditioned NB culture medium for 24 h at 37ºC, 5% CO2, to dampen 
spontaneous activity and decrease basal CFP expression. After this TTX pretreatment, 
neurons were subjected to a 5 min wash in control Tyrode’s followed by a 3 min 
depolarization with isotonic 50mM (mouse) or 90 mM (rat) KCl as above. Residual high 
K+ was removed with an additional 5 min control Tyrode’s wash and cells were returned 
to conditioned NB media containing 1μM TTX for 6 or 16 h at 37ºC, 5% CO2. Rat neurons 
expressing the 3xNFAT-AP1–CFPnls reporter were fixed in 3.7% formaldehyde in PBS, 
permeabilized with 0.05% Triton X-100 in PBS, stained with a 1 μM solution of propidium 
iodide (PI) to visualize the nucleus, and mounted onto glass slides as above. Mouse 
luciferase expression was measured in mouse cultures using the Dual Luciferase Reporter 
Assay System (Promega) and a GloMax Multi Microplate Reader (Promega). NFAT-
dependent Firefly luciferase signal was normalized to Renilla luciferase to correct for 
expression differences among cultures. 
 
Phospho-Cav1.2 western blots 
Primary hippocampal neurons from AKAP150 WT, PIX, and PKA mouse 
strains were cultured to DIV 12-16 in 6-well culture dishes and scraped into RIPA buffer 
(10.0 mM Tris pH 7.4, 100.0 mM NaCl, 5.0 mM EDTA, 5.0 mM EGTA, 1.0% 
Deoxycholate, 0.1% SDS, 1.0% Triton X-100) containing the protease inhibitors 1M 
AEBSF, 1M benzamidine, 1M calpain inhibitors I & II, 2g/ml leupeptin, 2g/ml 
pepstatin, and the phosphatase inhibitors cyclosporine A, 1 M microcystin, 5mM NaF, 
and 2mM Na3VO4. Each batch of cultured neurons were then lysed using a Dounce 




stored at -80°C until immunoblotting. Prior to gel loading, samples were heated to 65°C 
for 20 min in sample buffer (62.5 mM Tris-HCl pH 6.8, 10.0 % glycerol, 5.0 % -
mercaptoethanol, 2.0% SDS, 0.025 % b
was electrophoresed through Tris-SDS gels and transferred to PVDF membranes in 7.5% 
methanol. Blots were blocked for 1 hr. at room temperature. Primary CaV1.2 antibodies 
were diluted 1:500 in  3% BSA/TBS-T (rabbit anti-CaV1.2 pS1700 (Fuller et al., 2010), 
rabbit anti-CaV1.2 pS1928 (De Jongh et al., 1996), and mouse anti-CaV1.2 (Neuromabs, 
clone L57/46). Following 3x5min TBS-T washes, blots were incubated with goat -mouse 
or goat rabbit horseradish peroxidase (HRP) conjugated secondary antibodies (Bio-Rad; 
1:5000 in TBS-T) for 1 hr. After 4x5min TBS-T washes, detection was performed with 
chemiluminescence (West Pico Chemiluminescent Substrate; Pierce). Blots were imaged 
using an Alpha Innotech Fluorchem gel documentation system, and band intensities were 
analyzed using ImageJ software (NIH). 
 
Generation of AKAP150ΔPKA knock-in mice  
The ΔPKA mutation, which removes 30 bp encoding 709-LLIETASSLV-718, was 
introduced into the single coding exon of an Akap5 genomic DNA fragment subcloned 
from a C57Bl6 BAC clone. In this targeting vector, the ΔPKA mutation and a C-terminal 
myc-epitope tag were introduced by PCR along with a neomycin resistance cassette 
flanked by loxP-sites inserted into 3’ genomic DNA. The targeting construct was 
electroporated into a hybrid C57Bl6/129 ES cell and G418-resistant clones were screened 
for homologous recombinants by PCR-based genotyping. One positive clone was 




founders were born and bred to C57Bl6 to establish germ-line transmission. F1 mice 
heterozygous for the 150ΔPKA mutation were identified and then bred to yield F2 
150ΔPKA homozygous offspring.  
 
Primary culture of rodent hippocampal neurons 
Mouse and rat hippocampal neurons were prepared as described previously (Gomez 
et al., 2002; Smith et al., 2006). Briefly, hippocampi were dissected from postnatal day 0-
2 Sprague Dawley rats or AKAP150 WT, KO, PIX, and PKA mice. Neurons were 
plated at medium density (125,000 or 200,000 cells/ml) on poly-D-lysine alone (rat 
neurons) or also with laminin (mouse neurons) coated 18 or 25 mm glass coverslips 
(Warner Instruments). Neurons were cultured in Neurobasal-A (NB) medium plus B-27 
with mitotic inhibitors (Life Technologies) added at day in vitro (DIV) 4-5; thereafter, 
neurons were fed every 4-5 days. 
 
Fluorescence microscopy and quantitative image analysis of fixed-cells 
Fluorescence images were captured using an Axiovert 200M microscope (Carl 
Zeiss) with a 63x plan-apo/1.4NA objective, 300W xenon illumination (Sutter 
Instruments), Coolsnap-HQ2 CCD camera (Roper Scientific), and Slidebook 4.2–5.5 
software (Intelligent Imaging Innovations). AKAP79-mCh, CaNA-YFP, PKA-RII-CFP, 
and NFAT-GFP spine enrichment was measured by acquiring xy planes of dendritic arbors 
in 2 m z-stacks at 0.2 m intervals. Planes were de-blurred using nearest neighbors 
deconvolution and sum or maximum intensity projected into 2D images. All spines made 




dendritic shaft to extract the mean fluorescence intensity of each cell for their respective 
subcellular compartments. NFAT translocation and transcriptional activity was quantified 
as described previously (Li et al., 2012).  Statistical comparisons of nucleus/cytoplasm 
ratios, spine/dendrite shaft ratios, and mean CFP fluorescence in the nucleus across groups 
were carried out using GraphPad Prism 4.0-5.0. 
 
Ca2+ imaging in hippocampal neurons 
Fast confocal imaging was performed using an EC Plan-Neofluar 40x/1.30 NA oil 
objective on an Axio-Observer Z1 microscope (Carl Zeiss) coupled to a CSU-X1 spinning 
disk (Yokogawa), an Evolve 16-bit EMCCD camera (Photometrics), and Slidebook 5.0-
5.5 software. DIV 12-15 neurons were grown on 25 mm coverslips and transfected 24-48 
hours prior to imaging. In rat neurons co-transfection was carried out using pSilencer or 
AKAP150 shRNAi, YFP or AKAP79-YFP/mCh, and RGECO-1/GCaMP6f, while in all 
mouse neurons only RGECO-1 and YFP were expressed. Following pretreatment with 
either vehicle or nimodipine, coverslips were mounted into a bath perfusion chamber 
(Warner Instruments, RC-21BDW) and perfused in normal Tyrode’s saline containing 
TTX and vehicle or nimodipine for the duration of the experiment. Neurons were 
maintained at 34ºC in a plexi-glass incubator (Okolab) while single xy-plane were acquired 
at 0.5-1.0 Hz for a total of 2 min encompassing the 30 s 90 mM K+ perfusion. Changes in 
RGECO-1/GCaMP6f fluorescence were measured for regions of interest at the base of a 
primary dendrite that included ~10% of the total soma area. The fluorescence measured in 
each sequential image was converted to F/F0 in Microsoft Excel using the equation: (𝐹𝑛 −





perfusion. Area under the curve measurements were carried out using the trapezoidal rule 
and applying the calculation: 𝐴𝑟𝑒𝑎 = (𝑡2 − 𝑡1)(
𝑓(𝑡1)+𝑓(𝑡2)
2
) where 𝑓(𝑡𝑛) represents the 
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